Is the use of Brewery Spent Grain in Bioremediation of Diesel Contaminated Soil Sustainable? by Oruru, Johnson Ajoritsedebi
Oruru,  Johnson  Ajoritsedebi  (2014)  Is  the  use  of  Brewery  Spent  Grain  in 
Bioremediation  of  Diesel  Contaminated  Soil  Sustainable?  Doctoral  thesis, 
University of Sunderland. 
Downloaded from: http://sure.sunderland.ac.uk/5187/
Usage guidelines


















































































































5HPHGLDWLRQRIFRQWDPLQDWHG ODQGQHHGV WREHFDUULHGRXWXVLQJPHWKRGV WKDWDUH
ERWKFRVWHIIHFWLYHDQGPLQLPLVHHQYLURQPHQWDOSROOXWLRQ+RZHYHU WKHUHPHGLDWLRQ
RSWLRQ FXUUHQWO\ FKRVHQ E\ SUDFWLWLRQHUV LV RIWHQ EDVHG XSRQ OLPLWHG HFRQRPLF
LQIRUPDWLRQZLWKWKHWUXHHQYLURQPHQWDOFRVWVQRWEHLQJFRQVLGHUHG7KLVFDQUHVXOWLQ
WKHOHDVWVXVWDLQDEOHRSWLRQEHLQJFKRVHQ 
7KLVVWXG\KDVGHYHORSHGDPHWKRGRORJ\ WRHYDOXDWH WKHVXVWDLQDELOLW\ LQ WHUPVRI
HFRQRPLF DQG HQYLURQPHQWDO FRVWV IRU D UDQJH RI WUHDWPHQWV DYDLODEOH IRU WKH
UHPHGLDWLRQRIGLHVHOFRQWDPLQDWHGODQG LQFOXGLQJELRUHPHGLDWLRQZLWKDQGZLWKRXW
WKHDGGLWLRQRIEUHZHU\VSHQWJUDLQGLVSRVDOWRODQGILOODQGWKHUPDOWUHDWPHQW 
,QLWLDO ODERUDWRU\ LQYHVWLJDWLRQV LQGLFDWHG WKDW WKH XVH RI EUHZHU\ VSHQW JUDLQ
GHFUHDVHG WKH WLPH WDNHQ IRU WKH FOHDQ-XS RI VRLO FRQWDPLQDWHG ZLWK GLHVHO
VXJJHVWLQJ WKDW ELRUHPHGLDWLRQ DXJPHQWHG E\ WKH DGGLWLRQ RI WKLV RUJDQLF PDWHULDO
ZDV D YLDEOH RSWLRQ$ FRVWLQJ PRGHO ZDV WKHQ GHYHORSHG WKDW LQFOXGHG DOO RI WKH
FRVWVDVVRFLDWHGZLWKWKHUHPHGLDWLRQRSWLRQVFKRVHQ7KLVLQFOXGHGERWKGLUHFWDQG
LQGLUHFW FRVWV 7KH UHVXOWV VKRZ WKDW FRQVLGHULQJ WKH LQGLUHFW FRVWV RI UHPHGLDWLRQ
VXFKDVFRVWVDVVRFLDWHGZLWKGHOD\HGGHYHORSPHQW WKH ODQGPDNHELRUHPHGLDWLRQ
LQWKLVVWXG\DQHFRQRPLFDOO\IHDVLEOHRSWLRQ 




WKH FKRVHQ UHPHGLDWLRQ RSWLRQV RQ DWPRVSKHULF JUHHQKRXVH JDV UHOHDVH ZDV
HYDOXDWHG 2WKHU HQYLURQPHQWDO LPSDFWV ZHUH DOVR GHWHUPLQHG LQFOXGLQJ ODQG DQG
ZDWHUSROOXWLRQ7KHUHVXOWVLQGLFDWHWKDWELRUHPHGLDWLRQZLWKEUHZHU\VSHQWJUDLQKDV
RQH RI WKH ORZHVW HQYLURQPHQWDO FRVWV DQG VKRZHG WKDW HPLVVLRQ IURP SROOXWDQWV
VXFKDV12[30301+DQG62FRXOGFRQWULEXWH WR WKH OLPLWYDOXHV LQ WKH
DUHDFRYHUHGE\UHPHGLDWLRQZRUN 
7KHPRGHOGHYHORSHGLQWKLVVWXG\KDVLQGLFDWHGWKDWWKHXVHRIELRUHPHGLDWLRQZLWK
DQG ZLWKRXW WKH XVH RI EUHZHU\ VSHQW JUDLQ LV D VXVWDLQDEOH UHPHGLDWLRQ RSWLRQ




SURFHVV SURPRWHV WKH UH-XVH RI E\-SURGXFW PDWHULDO UHGXFHV ZDVWH DQG FRQVHUYH
UHVRXUFHV7KHUH LVDQHHG IRU WKH UHPHGLDWLRQ LQGXVWU\ WRDGRSW VLPLODUPRGHOV LQ
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3URFHVV HPLVVLRQV IURP VRLO YDSRXU DQG WKHUPDO GHVRUSWLRQ
WHFKQLTXH««««««««««««««««««««««$FWLY








'RHV WKH DGGLWLRQ RI EUHZHU\ VSHQW JUDLQ LPSURYH WKH
ELRUHPHGLDWLRQRIK\GURFDUERQFRQWDPLQDWHGVRLO" 
,VWKHXVHRIELRUHPHGLDWLRQZLWK%6*HFRQRPLFYLDEOH" 
:KDW DUH WKH HQYLURQPHQWDO FRVWV RI ELRUHPHGLDWLRQ XVLQJ
%6*" 































































7DEOH 5HSRUWHG VXFFHVV UDWHV IRU ELRUHPHGLDWLRQ RI 73+ IURP GLIIHUHQW
VLWHV XVLQJ ELR-VWLPXODWLRQ DQG ELR-DXJPHQWDWLRQ LQFOXGLQJ WKH









7DEOH &DWHJRULHV RI HFRQRPLF HQYLURQPHQWDO DQG VRFLDO LQGLFDWRUV IRU























7DEOH 5HVXOWV IURP RQH-:D\ $129$ SRVW KRF /6' D SDUDPHWULF WHVW








7DEOH &RPSRVLWLRQRI WKHGLIIHUHQW WUHDWPHQWV LQFXEDWHG LQ WKH ODERUDWRU\
LQFOXGLQJVRLORQO\WUHDWPHQWVRLOSOXVGLHVHOPJNJ-VRLOVRLO
SOXV GLHVHO  PJ NJ-VRLO SOXV FRQVRUWLXP VRLO SOXV GLHVHO








 ? ? 
7DEOH 5HVXOWV IURP RQH-:D\ $129$ SRVW KRF /6' D SDUDPHWULF WHVW












































7DEOH 5HVXOWV RI 73+ IURP 0DQQ :KLWQH\ QRQ-SDUDPHWULF WHVW DQG D






















SDUDPHWULF WHVW FDUULHG RXW RQ WUHDWPHQW ZLWK VRLO RQO\ WUHDWPHQW























7DEOH 5HVXOWVRIHFRQRPLFFRVWV LQFOXGLQJGLUHFWDQGLQGLUHFWFRVWVRI WKH
IRXUFKRVHQUHPHGLDWLRQRSWLRQVELRUHPHGLDWLRQZLWKEUHZHU\VSHQW
JUDLQ-%5 %6* ELRUHPHGLDWLRQ ZLWKRXW EUHZHU\ VSHQW JUDLQ-%5:






















































































6XPPDUL]HV WKH SROOXWDQWV YDOXH RI HPLVVLRQ IURP UHPHGLDWLRQ








NLORPHWUH WUDYHO WR GHULYH WKH HPLVVLRQV J&2 IRU %UHZHU\ VSHQW







7DEOH /RDGLQJ YHKLFOH IDFWRUV IRU &+ DQG 12 DW  DQG  ZKLFK
ZHUHDSSOLHGWRWKHNLORPHWHUWUDYHOWRGHULYHWKHHPLVVLRQVJ&2IRU







7DEOH &DOFXODWLRQ RI &2H GHULYHG E\ PXOWLSO\LQJ HPLVVLRQ IDFWRUV E\
DPRXQW RI GLHVHO FRQVXPHG IRU ELRUHPHGLDWLRQ ZLWK %6* DQG








7DEOH 6KRZLQJFDOFXODWLRQRI12[3030&292&&21+DQG  
ǆǀ 
 

























&DOFXODWLRQV RI &+ DQG 12 HPLVVLRQV E\ PXOWLSO\LQJ NLORPHWUH
















7DEOH &DOFXODWLRQ RI 12[ 30 30 &2 92& &2 1+ DQG 62
HPLWWHGE\YHKLFOHPRYHPHQWWKURXJKGLVSRVLQJDQGUH-ILOOLQJRIWKH
















































)LJXUH 6KRZLQJ *DV &KURPDWRJUDSK\ *& +3  +HZOHWW
3DFNDUGZLWKDIXVHGVLOLFDFDSLOODU\FROXPQHTXLSSHGZLWKD









)LJXUH 6KRZLQJ WRWDO SHDN KHLJKW DV D PHDVXUHPHQW RI 73+ & ±




)LJXUH 5HFRYHU\  RI GLHVHO ZKHQ DGGHG WR  NJ VRLO XQGHU




)LJXUH 6KRZLQJ UHSOLFDWH WUD\V FRQWDLQLQJ  NJ RI VRLO ZKLFK WKH



















)LJXUH 3HUFHQWDJH UHGXFWLRQ RI 73+ RQ GD\     DQG 























































)LJXUH 7KH  OLWUH ERWWOHV FRQWDLQLQJ WKH WUHDWPHQWV VRLO RQO\ VRLO






)LJXUH 0DWHULDOV XVHG WR WUDS &2 IURP WKH FRQWDPLQDWHG VRLO ZLWK
GLHVHO LQ WKH ODERUDWRU\ LQFOXGLQJ WKHDLUSXPSWR WUDQVIHU WKH









SURFHVVHV DQG DFWLYLWLHV IRU WKH GLIIHUHQW UHPHGLDWLRQ RSWLRQV
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IXHOV 3HWUROHXP GHULYHG SURGXFWV DUH VRPH RI WKH PRVW ZLGHO\ XVHG FKHPLFDOV
6DUNDUHWDODQGWKH\DUHRIWHQIRXQGSROOXWLQJVRLOVZDWHUDQGDLUDVDUHVXOW
RIVSLOOVDQGOHDNVGXHWRSLSHOLQHEORZ-RXWVOHDNDJHRIXQGHUJURXQGVWRUDJHWDQNV
ZDVWH GHSRVLWLRQ DIWHU GULOOLQJ ;X DQG /X HW DO  OHDNDJH DERYH JURXQG
VSLOODJHGXULQJWUDQVSRUWDWLRQDEDQGRQHGPDQXIDFWXULQJJDVROLQHVLWHV7KDSDHWDO
DQGFXUUHQWLQGXVWULDODFWLYLWLHV 
7KHVH FKHPLFDOV FRPSULVH D FRPSOH[ PL[WXUH RI KXQGUHGV RI K\GURFDUERQ
FRPSRXQGV LQFOXGLQJ PL[WXUHV RI QRQ-DTXHRXV DQG K\GURSKRELF FRPSRQHQWV VXFK
DV Q-DONDQH DURPDWLFV UHVLQV DQG DVSKDOWHQHV /LX HW DO  3HWUROHXP
K\GURFDUERQSROOXWLRQUHSUHVHQWVDQLPSRUWDQWHQYLURQPHQWDOLVVXHGXHWRWKHLUWR[LF




SK\VLFRFKHPLFDO WHFKQLTXHV VXFK DV YDSRXU H[WUDFWLRQ VWDELOL]DWLRQVROLGLILFDWLRQ
VRLOZDVKLQJYLWULILFDWLRQLQFLQHUDWLRQDQGWKHUPDOGHVRUSWLRQ$O-0XWDLULHWDO
:KLOVW WKHVH WHFKQLTXHV DUH IDLUO\ ZHOO HVWDEOLVKHG WKH\ DUH FRQVLGHUHG WR EH
H[SHQVLYH EHFDXVH WKH H[WUDFWHG RU LQFLQHUDWHG VRLO QHHGV IXUWKHU WUHDWPHQW RU
GLVSRVDO ;X DQG/XDQG *RQJ7UDGLWLRQDOO\ VRLOV FRQWDPLQDWHG ZLWK
K\GURFDUERQVKDYHEHHQODQGILOOHG+LFNPDQDQG5HLGEXWWKHLQWURGXFWLRQRI
WKH(XURSHDQ8QLRQ/DQGILOO'LUHFWLYHRI(&KDVVHWWDUJHWVIRUWKH
UHGXFWLRQ RI  ELRGHJUDGDEOH ZDVWH JRLQJ WR ODQGILOO DQG KDV DOVR UHVXOWHG LQ D
GHFUHDVH LQ WKH QXPEHU RI ODQGILOO VLWHV WKDW ZLOO DFFHSW VXFK ZDVWH +LFNPDQ DQG
5HLG  /DQGILOO KDV EHFRPH LQFUHDVLQJO\ H[SHQVLYH DQG FDQ QR ORQJHU EH





IRU WKH FOHDQ-XS RI SROOXWHG ODQG DQG ELRUHPHGLDWLRQ LV DQ LQFUHDVLQJO\ SRSXODU
RSWLRQ%LRUHPHGLDWLRQWHFKQLTXHVRSWLPL]HWKHELRORJLFDOV\VWHPDOUHDG\SUHVHQWLQ
WKH VRLO DQG GHJUDGH WKH FRQWDPLQDQWV WR DQ LQQRFXRXV HQG RU KDUPOHVV SURGXFW
'HIUD 
%DFNJURXQGWRWKHUHVHDUFK 
%LRUHPHGLDWLRQ LV WKHXVHRI PLFUR-RUJDQLVPV XVXDOO\ EDFWHULDRU IXQJL WR GHJUDGH
FRQWDPLQDQWVWRQRQ-WR[LFE\-SURGXFWV'HIUD7KHWHFKQLTXHLVWKRXJKWWREH
D VDIH UHOLDEOH DQG HQYLURQPHQWDOO\ EHQLJQ PHWKRG IRU WKH UHPHGLDWLRQ RI
K\GURFDUERQ FRQWDPLQDWHG VRLOV 1LFKROV DQG 9HQRVD 7KHUH DUH UDQJHV RI
ELRUHPHGLDWLRQ WHFKQLTXHV DYDLODEOH LQFOXGLQJ QDWXUDO DWWHQXDWLRQ ELR-VWLPXODWLRQ
DQGELR-DXJPHQWDWLRQ6LPDUURHWDO1DWXUDODWWHQXDWLRQUHOLHVRQWKHQDWXUDO
DVVLPLODWLYHFDSDFLWLHVRIWKHVRLOWREUHDNGRZQWKHFRQWDPLQDQWVSUHVHQW+RZHYHU
WKH EUHDN GRZQ FDQ EH VORZ DQG XQFRQWUROOHG DQG LW UHOLHV RQ LQGLJHQRXV PLFUR-
RUJDQLVPV WRGHJUDGH WKHFRQWDPLQDQWV .DXSSLHWDO%LR-VWLPXODWLRQVHHNV
WRLPSURYHQDWXUDOEUHDNGRZQSURFHVVHVE\WKHDGGLWLRQRIQXWULHQWVRURWKHUJURZWK
OLPLWLQJFR-VXEVWUDWHVQRWQRUPDOO\SUHVHQWLQVXIILFLHQWTXDQWLWLHVLQWKHVRLO&RYLQR
HWDO 1XWULHQWVDGGHGFDQEHHLWKHURUJDQLFRU LQRUJDQLFH[DPSOHV LQFOXGH
QLWURJHQ DQGSKRVSKDWH <DQJ HWDO 7KH SURFHVV RI ELRUHPHGLDWLRQ FDQ EH
VWLPXODWHG IXUWKHU E\ WKH DGGLWLRQ RI D PLFURELDO FRQVRUWLXP NQRZQ WR EUHDNGRZQ
K\GURFDUERQSROOXWLRQELRDXJPHQWDWLRQ&RYLQRHWDO 
2UJDQLFZDVWHFRXOGEHDVRXUFHRIERWKQXWULHQWVDQGPLFUR-RUJDQLVPVWR LPSURYH
XSRQ WKH EUHDNGRZQ RI K\GURFDUERQ SROOXWLRQ LQ VRLOV 8WLOLVLQJ ELRGHJUDGDEOH E\-
SURGXFWV LQ WKLVPDQQHUZRXOGGLYHUW WKLVZDVWHVWUHDPIURPODQGILOO%UHZHU\VSHQW
JUDLQ %6* LV D E\-SURGXFW IURP WKH EUHZHU\ SURFHVV WKDW KDV D KLJK ZDWHU DQG
QXWULHQW FRQWHQW 7KRPDV DQG 5DKPDQ  ,W LV FXUUHQWO\ GLVSRVHG RI DV DQ
DQLPDOIHHG+RZHYHUWKHDPRXQWVJHQHUDWHGPHDQWKDWWKHGHPDQGIRUWKHSURGXFW
LVQRWDVKLJKDVWKHYROXPHSURGXFHG 
,W FRXOG EH DVVXPHG WKDW WKH XVH RI %6* WR LPSURYH XSRQ WKH UHPHGLDWLRQ RI









IURP GHFRPSRVLQJ RUJDQLF PDWWHU SHUFRODWLQJ WKURXJK WKH VRLO DQG SRVVLEO\ LQWR
QHDUE\ ZDWHU FRXUVHV DQG WKH SRWHQWLDO UHOHDVH RI PLFUR-RUJDQLVPV GXULQJ WKH
ELRUHPHGLDWLRQ SURFHVV LQWR WKH ZLGHU HQYLURQPHQW .RPLOLV DQG +DP  ,Q
DGGLWLRQLWPD\QRWEHHFRQRPLFDOO\IHDVLEOHWRXWLOL]HELRUHPHGLDWLRQLQWKDWWKHFRVW
RIQRWGHYHORSLQJWKHODQGGXULQJWKHWLPHWDNHQIRUWKHELRUHPHGLDWLRQSURFHVVPD\
EH IDU JUHDWHU WKDQ DGRSWLQJ WKH UDSLG PHWKRG RI SK\VLFRFKHPLFDO WHFKQLTXHV IRU
FOHDQLQJXSWKHVRLO,QWHUPVRIWKHXVHRI%6*WRDXJPHQWWKHSURFHVVWKHUHPD\
EH HQYLURQPHQWDO LPSDFWV DULVLQJ IURP WUDQVSRUWDWLRQ RI WKH EUHZHU\ E\-SURGXFW WR
WKHFRQWDPLQDWHGVLWHLQDGGLWLRQWRHFRQRPLFFRQVLGHUDWLRQV 
,Q RUGHU WR EH DEOH WR PDNH DQ LQIRUPHG GHFLVLRQ DV WR WKH VXVWDLQDELOLW\ RI DQ\
FRQWDPLQDWHGODQGUHPHGLDWLRQRSWLRQWKHUHLVDQHHGWRHYDOXDWHERWKWKHHFRQRPLF
FRVWVHQYLURQPHQWDOFRVWVDQGEHQHILWV WRJHWKHUZLWK WKHDVVRFLDWHGVRFLDO LVVXHV
7KH PDLQ DLP RI WKLV VWXG\ ZDV WR HYDOXDWH WKH HIIHFW RI DGGLQJ %6* WR GLHVHO




FRQFHUQLQJ WKH XVH RI %6* WR DXJPHQW WKH ELRUHPHGLDWLRQ RI K\GURFDUERQ
FRQWDPLQDWHGVRLOV 











¾ /DERUDWRU\ VFDOH LQYHVWLJDWLRQV LQWR WKH EUHDNGRZQ RI K\GURFDUERQ
FRQWDPLQDQWVLQVRLOZLWKDQGZLWKRXWWKHDGGLWLRQRI%6* 
¾ $IXOOUHYLHZRIWKHFRVWVDVVRFLDWHGZLWKWKHSURFHVV 
¾ 'HYHORSPHQW DQG FULWLFDO HYDOXDWLRQ RI DQ HQYLURQPHQWDO FRVW DQG EHQHILW
PRGHO 
6WUXFWXUHRIWKHWKHVLV 
7KH RXWOLQH RI WKH FKDSWHUV SURYLGHV DQ RYHUYLHZ RI WKLV VWXG\ 7KH WKHVLV LV
VWUXFWXUHGDVIROORZV 
&KDSWHU7KLVFKDSWHUGLVFXVVHVWKHVFLHQWLILFOLWHUDWXUHLQDQDWWHPSWWRFDSWXUHWKH
EDFNJURXQG RI WKH UHVHDUFK 7KH FKDSWHU SURYLGHV DQ KLVWRULFDO DFFRXQW RI
ELRUHPHGLDWLRQDQGDUHYLHZRIYDULRXVUHPHGLDWLRQPHWKRGV'LIIHUHQWUHPHGLDWLRQ
PHWKRGV FXUUHQWO\ XVHG IRU K\GURFDUERQ FRQWDPLQDWHG VLWHV KDYH EHHQ FULWLFDOO\
HYDOXDWHG 7KH FKDSWHU KLJKOLJKWV WKH IDFWRUV DIIHFWLQJ ELRUHPHGLDWLRQ RI
FRQWDPLQDWHGODQGDQGLWVDVVRFLDWHGLVDGYDQWDJHV,WGHVFULEHVWKHZDVWHKLHUDUFK\
DQGWKHUROHRI%6*DVDELRGHJUDGDEOHE\-SURGXFW LQWKH8.7KHFKDSWHUIXUWKHU
GHILQHV VXVWDLQDELOLW\ LQ UHODWLRQ WR WKH UHPHGLDWLRQ VHFWRU DQG WKH UROH RI WKH
6XVWDLQDEOH5HPHGLDWLRQ)RUXP6X5)LQPHDVXULQJVXVWDLQDEOHUHPHGLDWLRQLQWKH
8. 
&KDSWHU7KLVGHVFULEHV WKHHYDOXDWLRQDQGGHYHORSPHQWRI WKHPHWKRGVXVHG LQ









DQG WKHVH UHVXOWV DUH LQFOXGHG &KDSWHU  SUHVHQWV WKH UHVXOWV WKDW DQVZHU WKH
UHVHDUFKTXHVWLRQµGRHVWKHSURFHVVZRUN"¶ 
&KDSWHU  3UHVHQWV WKH UHVXOWV IRU GDWD FROOHFWLRQ HYDOXDWLRQ DQG DQDO\VLV WR
GHWHUPLQH WKHHFRQRPLF IHDVLELOLW\RI WKHSURFHVV ,W VHHNV WRDQVZHU WKH UHVHDUFK
TXHVWLRQµLVWKHSURFHVVHFRQRPLFDOO\IHDVLEOH¶" 
&KDSWHU'HVFULEHVWKHGHYHORSPHQWDQGDSSOLFDWLRQRIHQYLURQPHQWDOHFRQRPLFV




SRVHGE\ WKHVWXG\DQGGLVFXVVHV WKHLU ILQGLQJV7KHFKDSWHU IXUWKHUKLJKOLJKWV WKH
VRFLDO HOHPHQW RI VXVWDLQDELOLW\ LWV FRQVWUDLQWV DQG LWV LPSRUWDQFH LQ GHYHORSLQJ
VXVWDLQDEOHUHPHGLDWLRQ 
&KDSWHU7KLVFKDSWHUFRQFOXGHVWKHWKHVLVDQGGLVFXVVWKHILQGLQJVLQFOXGLQJ WKH





















LVQRWDQH[FHSWLRQDV WKHUHDUHGLIIHUHQW WHFKQLTXHV WKDW FDQEHXVHG WR FOHDQ-XS
SROOXWHGODQGVLWHV+LVWRULFDOO\VRLOFRQWDPLQDWHGZLWKK\GURFDUERQVKDVHLWKHUEHHQ
ODQGILOOHGRUUHPHGLDWHGE\KHDY\HQJLQHHULQJPHWKRGVZKLFKW\SLFDOO\RIIHUUHODWLYHO\
TXLFN-IL[ VROXWLRQV DQG FRXOG EH H[SHQVLYH ZLWK KLJK HQYLURQPHQWDO DQG VRFLDO
LPSDFWV'HIUD$O-0XWDLULHWDO 
%LRUHPHGLDWLRQZKLFKLVFRQVLGHUHGWREHDPRUHVXVWDLQDEOHRSWLRQ LVGHILQHGµDV
WKH XVHRI PLFURRUJDQLVPV WR UHPRYH HQYLURQPHQWDO SROOXWLRQ IURP VRLO ZDWHU DQG





FOHDQ-XS RI SROOXWHG ODQG DQG ELRUHPHGLDWLRQ LV DQ LQFUHDVLQJO\ SRSXODU RSWLRQ
+LFNPDQ DQG 5HLG  0RUH VR ZKLOVW WKHUH LV D JHQHUDO FRQVHQVXV RQ WKH
VXVWDLQDELOLW\ RI SURFHVV-EDVHG WHFKQRORJ\ OLWWOH LQYHVWLJDWLRQ KDV EHHQ FDUULHG RXW
RQ WKH UHODWLYH VXVWDLQDELOLW\ RI UHPHGLDWLRQ WHFKQLTXHV EDVHG RQ WKHLU ZLGHU
HQYLURQPHQWDOLPSDFWV+DUERWWOHHWDO 
7KLVFKDSWHUZLOO UHYLHZYDULRXVUHPHGLDWLRQRSWLRQVLQFOXGLQJWKHLUDGYDQWDJHVDQG
GLVDGYDQWDJHV IDFWRUV DIIHFWLQJ ELRUHPHGLDWLRQ DQG WKH ELRORJLFDO DQG FKHPLFDO
DVVHVVPHQW RI FRQWDPLQDWHG VRLOV ,W ZLOO DOVR ORRN DW ZDVWH PDQDJHPHQW LQ WKH
8QLWHG.LQJGRPZLWK IXUWKHUDVVHVVPHQWVRI WKHXVHRI%6*DQG LWV LPSRUWDQFH LQ










5HPHGLDWLRQ LQYROYHV WKH UHPRYDO RI FRQWDPLQDQWV IURP WKH HQYLURQPHQWDO PHGLD
WKLV LQFOXGHV VRLO JURXQGZDWHU VHGLPHQW DQG VXUIDFH ZDWHU IRU WKH JHQHUDO
SURWHFWLRQRIKXPDQKHDOWK 'HIUD7KH UHPHGLDWLRQRIFRQWDPLQDWHG ODQG LV
VXEMHFW WR PDQ\ UHJXODWRU\ JXLGHOLQHV GHSHQGLQJ RQ WKH HQYLURQPHQWDO PHGLD
LQYROYHG 
5HPHGLDWLRQ HQFRXUDJHV WKH UHFRYHU\ RI XQXVHG ODQG IRU GHYHORSPHQW SXUSRVHV
XUEDQDUHDGHYHORSPHQW UHF\FOLQJRI ODQGDQGPLQLPLVLQJJUHHQILHOGGHYHORSPHQW
+DUERWWOHHWDO+HQFHLWLVDQDUHDRILPSRUWDQFHDWSUHVHQW 
7UDGLWLRQDOO\ FRQWDPLQDWHG VRLOV ZHUH VHQW WR ODQGILOO KRZHYHU WKHUH DUH RQ-JRLQJ
FRQFHUQV WKDWZKHQWKHVHZDVWHVDUHGLVSRVHGRI LQ WKLVPDQQHU WKHUHFDQEHDQ
LPSDFWXSRQ WKHHQYLURQPHQW %UHDNGRZQRIELRGHJUDGDEOHPDWHULDOV LQ WKHVRLOV
ZLOO UHOHDVH FDUERQ GLR[LGH WR WKH DWPRVSKHUH /HYHOV RI FDUERQ GLR[LGH D
JUHHQKRXVH JDV KDYH LQFUHDVHG VLJQLILFDQWO\ VLQFH WKH HDUO\ ¶V DQG WKDW
LQFUHDVHLVDQWLFLSDWHGWRDFFHOHUDWHGXULQJWKHFRPLQJFHQWXU\,3&&0RUH
VR WKH FKRLFH RI VHQGLQJ FRQWDPLQDWHG VRLOV WR ODQGILOO SRVHV D GDQJHU WR ERWK
JURXQGZDWHUDQGVXUIDFHZDWHUDVDUHVXOWRIOHDFKLQJ 
,QFUHDVLQJO\ WKH GLVSRVDO RI FRQWDPLQDWHG VRLOV WR ODQGILOO LV EHLQJ VHHQ DV
XQVXVWDLQDEOH DQG LQFUHDVHG OHJLVODWLRQ VXFK DV WKH (XURSHDQ 8QLRQ (8 /DQGILOO
'LUHFWLYH (& (&  KDV PHDQW WKDW WKH DPRXQWV RI ELRGHJUDGDEOH
ZDVWHVJRLQJ WR ODQGILOOPXVWEHUHGXFHG,QWKH8. WKH:DVWH6WUDWHJ\KDVEHHQ
GHVLJQHGWRHQFRXUDJHUHF\FOLQJUHFRYHU\DQGFRPSRVWLQJRIZDVWHDQGWRGLYHUW LW
IURPODQGILOO+DUERWWOHHWDO+LFNPDQDQG5HLG 
'HVSLWH WKH SUREOHPV DVVRFLDWHG ZLWK ODQGILOO GLVSRVDO WKH TXHVW IRU WKH VZLIW DQG





7KH UHPHGLDWLRQ WHFKQRORJLHV UHYLHZHG LQ WKLV FKDSWHU ZLOO IRFXV XSRQ WKRVH IRU
K\GURFDUERQSROOXWLRQZKLFKLVWKHVXEMHFWRIWKLVWKHVLV 
3K\VLFRFKHPLFDOPHWKRGVIRUK\GURFDUERQUHPHGLDWLRQ 
7KH FRQYHQWLRQDO PHWKRGV RI FOHDQLQJ XS K\GURFDUERQ FRQWDPLQDWHG VRLOV LQFOXGH
SK\VLFDO DQG FKHPLFDO PHWKRGV 7KHVH PHWKRGV DUH IDLUO\ ZHOO HVWDEOLVKHG DQG
ZLGHO\ XVHG ERWK JOREDOO\ 6ZDQQHOO HW DO  DQG LQ WKH 8. 7KH WHFKQLTXHV
LQYROYH WKHGHVWUXFWLRQRI RUJDQLF FRPSRXQGVE\SK\VLFDO RU FKHPLFDOPHDQV7KH
MRLQW (QYLURQPHQW $JHQF\ ($ D SXEOLFDWLRQ OLVWHG ILIWHHQ W\SHV RI ODQG
FRQWDPLQDWLRQUHPHGLDWLRQSURFHVVHV7KHUHYLHZVHWVRXWWKHUHJXODWRU\SRVLWLRQRQ




























WKHVRLOH[FDYDWHGDERYHJURXQGRU UHPRYHG IURP WKHVLWHDQG WDNHQ WRDGLIIHUHQW
ORFDWLRQ IRU UHPRYDO RI WKH FRQWDPLQDWLRQ H[-VLWX &KHPLFDO PHWKRGV LQYROYH WKH
XVHRIFKHPLFDOR[LGDQWVWRPLQHUDOLVHRUJDQLFSROOXWDQWVIURPVRLODQGJURXQGZDWHU
7KH PRVW FRPPRQO\ XVHG R[LGDQWV DUH K\GURJHQ SHUR[LGH )HQWRQ UHDJHQW







RI VRLO DQG WKH FRQWDPLQDQWV LQYROYHG 'HIUD  7KLV W\SH RI UHPHGLDWLRQ LV
H[SHQVLYHWRXQGHUWDNH'HIUD 
3K\VLFDODQGFLYLOHQJLQHHULQJPHWKRGVRIK\GURFDUERQUHPHGLDWLRQIRFXVPDLQO\RQ
FDSSLQJ LVRODWLQJ RU FRYHULQJ WKH FRQWDPLQDQWV WKHUHE\ FRQWDLQLQJ WKHP DQG
SUHYHQWLQJWKHLUOHDFKLQJLQWRWKHZLGHUHQYLURQPHQW3K\VLFDOPHWKRGVWKDWHOLPLQDWH
WKH FRQWDPLQDQWV LQFOXGH LQFLQHUDWLRQ VRLO YDSRXU H[WUDFWLRQ WUHDWPHQWV RU VRLO
YDFXXPH[WUDFWLRQV\VWHPVWRGHFRQWDPLQDWHRUUHPRYHWKHFRQWDPLQDQWV7KHHQG






ZLWK SHWUROHXP SURGXFWV LQFOXGLQJ GLHVHO WKHPHWKRGV DUH JURVVO\ LQDGHTXDWH ZLWK
KLJKFRVWV*RQJ7KHWHFKQRORJLHVLQYROYHGDUHUHJDUGHGDVH[SHQVLYHDQG
WHFKQLFDOO\ FRPSOH[7KH FRVWV RI XVLQJ WKHVH WHFKQLTXHV IRU VPDOO VFDOH VLWHV DUH
KLJKDQGWKHUHLVWKHOLNHOLKRRGIRUIXUWKHUFRQWDPLQDWLRQRIWKHHQYLURQPHQWWRRFFXU
9LGDOL,QDGGLWLRQODQGILOODQGRWKHUSK\VLFDOPHWKRGVGRQRWWRWDOO\GHVWUR\
WKH FRQWDPLQDQWV UDWKHU WKH\ FRQFHQWUDWH WKH FRQWDPLQDWHG PDWHULDO LQ D GLIIHUHQW
ORFDWLRQ +HDG  &RQVHTXHQWO\ ZLWK LQFUHDVLQJ DWWHQWLRQ WRZDUGV WKH
SUHVHUYDWLRQRIWKHHQYLURQPHQWVHYHUDOWHFKQLTXHVKDYHEHHQGHYHORSHG LQFOXGLQJ
VRLO YDSRXUH[WUDFWLRQ7KHUPDOGHVRUSWLRQ LV DQ HPHUJLQJ WHFKQRORJ\ LQFUHDVLQJO\
SRSXODU LQ 8QLWHG 6WDWH RI $PHULFD 7KH 1HWKHUODQGV DQG *HUPDQ\ &/ $,5(
7'31DWKDQLDOHWDOFLWHG LQ'HIUDDQG:LOOLDPDQG%UDQNOH\
 $QRWKHU SRSXODU PHWKRG LQ WKH 8. LV ELRUHPHGLDWLRQ ZKLFK FRQWLQXHV WR
GHYHORS DQG PLWLJDWH WKH LPSDFWV RI HQYLURQPHQWDO SUREOHPV *UHHQZRRG HW DO









JUDGLHQW WKDW LQGXFHV JDV-SKDVH YRODWLOH FRPSRXQGV WR EH UHPRYHG IURP WKH VRLO
7KHSURFHVVLVGHVFULEHGE\WKH86(3$DVWKHH[WUDFWLRQZHOOVSXOOLQJWKH
DLU DQG YDSRXU RXW RI WKH JURXQG WKH YDFXXP FROOHFWV WKHP DQG VHSDUDWHV WKH
KDUPIXOYDSRXUVIURPWKHFOHDQDLUDQGLQWKHSURFHVVWKHYDSRXUVVRUERUVWLFNWRD
VROLG PDWHULDO RU WKH\ DUH FRQGHQVHG WR D OLTXLG 7KH VROLGV RU OLTXLGV ZKLFK DUH
SROOXWHG DUH WKHQ GLVSRVHG RI VDIHO\ %XW LQ FRXQWULHV VXFK DV WKH 86 JDVHV




69( LV XVXDOO\ XVHG IRU WKH WUHDWPHQWV RI KD]DUGRXV VXEVWDQFHV VXFK DV YRODWLOH
RUJDQLFFRPSRXQGV92&¶VYRODWLOHPHWDOVDQGIXHOFRQWDPLQDQWV'HIUD,W
KDV DOVR EHHQ XVHG WR UHPHGLDWH RWKHU YRODWLOH DQG VHPL-YRODWLOH FRPSRXQGV DQG
PRVW JDVROLQH FRQVWLWXHQWV 86 (3$ D +RZHYHU GLHVHO IXHO NHURVHQH
KHDWLQJ RLO DQG OXEULFDWLQJ RLOV ZKLFK DUH OHVV YRODWLOH WKDQ JDVROLQH PD\ QRW EH
UHDGLO\ UHPRYHG E\ 69( WHFKQRORJ\ 7KH KHDYLHU SURGXFWV PD\ EH UHPRYHG E\
LQMHFWLQJKRWDLUWRHQKDQFHWKHYRODWLOLW\86(3$D 
7KH 69( WHFKQLTXH EHFRPHV QHFHVVDU\ LI WKH FRQWDPLQDQWV SHQHWUDWH WKH
VXEVXUIDFHWRPDQGKDYHVSUHDGVHYHUDOKXQGUHGPHWHUVDWDSDUWLFXODUGHSWK
&KP-+LOO7KHWHFKQLTXH LVPRVWRIWHQFRQVLGHUHGZKHQHYHUFRQWDPLQDQWV
H[WHQG DFURVV D SURSHUW\ ERXQGDU\ EHQHDWK D EXLOGLQJ RU DUH  ORFDWHG ZLWKLQ DQ






)LJ VKRZV WKDW 69( LQYROYHV GULOOLQJ RQH RU PRUH H[WUDFWLRQ ZHOOV LQWR WKH
FRQWDPLQDWHG VRLO WR D GHSWK DERYH WKH ZDWHU WDEOH $WWDFKHG WR WKH ZHOOV LV
 ? ? 
 
HTXLSPHQW VXFK DV D EORZHU RU YDFXXP SXPS ZKLFK SXOOV WKH DLU DQG YDSRXU
WKURXJK WKH VRLO XS WKH ZHOO WR WKH JURXQG VXUIDFH IRU WUHDWPHQW 7KH YDFXXP
PRQLWRULQJZHOOPRQLWRUVWKHSUHVVXUHRIWKHDLUDQGYDSRXULQWKHXQVDWXUDWHG]RQH 
69(WUHDWPHQWFDQEHDSSOLFDEOHLQERWKLQVLWXDQGH[VLWXFRQGLWLRQV7KHODWWHULVD
GHYHORSPHQW RI WKH LQ VLWX WHFKQLTXH WKH GLIIHUHQFH LV WKDW WKH VRLO ZRXOG EH
H[FDYDWHG IRU WUHDWPHQWDQG WKH WUHDWPHQWZLOO EHRQ WKHVXEVXUIDFH$LU LVPRYHG
WKURXJKDVWRFNSLOHRIH[FDYDWHGFRQWDPLQDWHGPDWHULDO WRSURPRWHYRODWLOLVDWLRQRU
ELRGHJUDGDWLRQRIFRQWDPLQDQWVIURPWKHVRLO 
7KH 69( SURFHVV UHTXLUHV D V\VWHP IRU KDQGOLQJ RII JDVHV ,I WKH FRQWDPLQDWLRQ
SHQHWUDWHV WR WKH VDWXUDWHG ]RQH RU ZDWHU WDEOH 69( DQG DLU VSDUJLQJ DUH RIWHQ






V\VWHPXVHGWR WUHDW WKHRII-JDVHV7KHPRVWSRSXODUPHWKRG LQFOXGHVGXDOYDSRXU
H[WUDFWLRQGXDO-SKDVHH[WUDFWLRQRUPXOWL-SKDVHH[WUDFWLRQ'HIUD7KLV69(
PHWKRG HQWDLOV WKH XVH RI D KLJK YDFXXP V\VWHP WR UHPRYH FRQWDPLQDWHG VRLO RU
JURXQGZDWHU 
7KH 69( SURFHVV UHTXLUHV D V\VWHP IRU KDQGOLQJ RII JDVHV WKLV LV QHFHVVDU\
EHFDXVHWKHYRODWLOHRUJDQLFFRPSRXQGVW\SLFDOO\SUHVHQWDUHKD]DUGRXVGXHWRWKHLU
WR[LFLW\DQGLJQLWDELOLW\86(3$,QPRVWFDVHVGLUHFWGLVFKDUJHRIWKHJDVHV
ZLWKRXW UHJXODWHG WUHDWPHQW LV XQDFFHSWDEOH GXH WR KHDOWK VDIHW\ DQG SXEOLF
FRQFHUQV7KHUHDVRQIRUSUH-WUHDWPHQWRIJDVHVEHIRUHGLVFKDUJLQJ WR WKHDPELHQW
DLU LV WR LPSURYH WKH RII-JDV TXDOLW\ ZLWK PLQLPDO LPSDFW WR KXPDQ KHDOWK RU WKH
HQYLURQPHQW86(3$7KHWUHDWPHQWWHFKQRORJLHVIRURII-JDVWUHDWPHQWDUH
FODVVLILHGLQWRIRXUPDLQJURXSVE\WKH86(3$ 
¾ 7KHUPDO±R[LGDWLRQDWKLJK WHPSHUDWXUHVFRQWDPLQDQWVDUHGHVWUR\HG LQ
WKHYDSRXU-SKDVH 
¾ $GVRUSWLRQ± WKHSURFHVVRIVHSDUDWLQJFRQWDPLQDQWVXVLQJDPHGLXP
 ? ? 
 
RUPDWUL[*UDQXODU$FWLYDWHG&DUERQ*$& 








R[LGDWLRQ V\VWHP FRXOG EH XVHG WR WUHDW D ZLGH UDQJH RI 69( JDVHV DQG LV RIWHQ
FRQVLGHUHG IRU92&¶VVXFKDVSHWUROHXPSURGXFWVGXH WR LWV UHOLDELOLW\ LQDFKLHYLQJ
KLJKGHVWUXFWLRQRIWKHFRQWDPLQDQWVZLWKJRRGUHPRYDOHIILFLHQF\86(3$
7KHV\VWHPFDQR[LGL]H IURPSHU FHQW WRPRUH WKDQSHU FHQWRI WKH LQIOXHQW
92& %RVWURP 7KH WKUHH JHQHUDO W\SHRI WKHUPDO R[LGDWLRQ V\VWHP LQFOXGH
GLUHFW-IODPHWKHUPDOR[LGL]HUVIODPHOHVVWKHUPDOR[LGL]HUVDQGFDWDO\WLFR[LGL]HUV 
7KH SRWHQWLDO DGYDQWDJHV RI 69( LQFOXGH LWV FRVW-HIIHFWLYHQHVV WKH WHFKQLTXH FDQ
LQGXFHSK\VLFDODQGELRORJLFDOSURFHVVHV LW LVHIIHFWLYHDW UHPRYLQJPDQ\ W\SHVRI
SROOXWLRQ WKDW FDQ HYDSRUDWH LW KDV PLQLPDO VLWH GLVWXUEDQFH DQG FDQ WUHDW PDQ\
RUJDQLFFRPSRXQGVLQFOXGLQJGLHVHO,QJHQHUDOWKHZHOOVDQGHTXLSPHQWDUHVLPSOH
WRLQVWDOODQGPDLQWDLQDQGWKH\FDQUHDFKJUHDWHUGHSWKVWKDQPHWKRGVWKDWLQYROYH











 ? ? 
 
ILQHV DQG KLJK GHJUHH RI VDWXUDWLRQ ZLOO UHTXLUH KLJKHU YDFXXP RU KLQGHU WKH
RSHUDWLRQRILQVLWX69(ZKLFKZLOODOVRPHDQLQFUHDVHGFRVWV,QDGGLWLRQGXHWRRII-
JDVWUHDWPHQWLIUHVLGXDOVDUHFRQGHQVHGWRDOLTXLGRUVROLGLWPD\UHTXLUHWUHDWPHQW
RU GLVSRVDO HVSHFLDOO\ VSHQW DFWLYDWHG FDUERQ ZKLFK PD\ QHHG UHJHQHUDWLRQ RU
GLVSRVDO 'HVSLWH WKHVH OLPLWDWLRQV WKH 69( WHFKQLTXH KDV EHHQ WHFKQLFDOO\
GHPRQVWUDWHGDQGZLGHO\XVHGDQGLWKDVEHHQVHOHFWHGIRUXVHLQPDQ\VXSHUIXQG
VLWHVLQWKH8QLWHG6WDWHVRI$PHULFD86(3$D 
7KH WHFKQLTXH KDV OHVV HQYLURQPHQWDO GLVWXUEDQFH LV FRVW-HIIHFWLYH DQG FRXOG EH
XVHGE\IDFLOLWDWLQJH[WUDFWLRQRIKLJKHUFRQFHQWUDWLRQVRIWKHFRQWDPLQDQWVZKHQWKH
PDVV UHPRYDO UDWH KDV UHDFKHG DQ DV\PSWRWLF OHYHO 2WKHU UHPHGLDWLRQ PHDVXUHV
VXFKDVQDWXUDODWWHQXDWLRQRUELRUHPHGLDWLRQFDQEHDGRSWHGIRUIXUWKHUFOHDQ-XSLI
WKH UHPHGLDWLRQ REMHFWLYHV KDYH QRW EHHQ PHW 7KH WHFKQLTXH FRXOG EH XVHG ZLWK
RWKHUPHWKRGVGHSHQGLQJRQWKHFLUFXPVWDQFHVDQGWKHUHPHGLDWLRQREMHFWLYHWREH
DFKLHYHG)RUH[DPSOHWKHWHFKQLTXHKDVSURYHQWREHHIIHFWLYH LQFRQMXQFWLRQZLWK
DLU VSDUJLQJZKHQJURXQGZDWHU LVFRQWDPLQDWHGZLWKHYDSRUDWLYHFRPSRXQGV 86
(3$D 








PHOW FRQWDPLQDQWV 1)(6&7KH WHFKQRORJ\ LVD WKHUPDOO\ LQGXFHGSK\VLFDO
VHSDUDWLRQ SURFHVV ZKHUH FRQWDPLQDQWV DUH YDSRULVHG IURP D VROLG PDWUL[ DQG
WUDQVIHUUHG LQWR D JDV VWUHDP ZKHUH WKH\ FDQ HDVLO\ EH WUHDWHG 'HIUD 
7KHUPDOGHVRUSWLRQLVDQHZWHFKQRORJ\WKDWSHUPLWVRQ-VLWHGHFRQWDPLQDWLRQRIWKH
VRLO E\ KHDWLQJ WKH FRQWDPLQDQWV WR D WHPSHUDWXUH OHYHO ZKHUH WKH FKHPLFDOV
YDSRULVH WRD JDVHRXV SKDVH7KLV JDV VWUHDP LV FROOHFWHGRU WUHDWHG DQGHYHQ LQ
VRPHFDVHVKHDWHGWRDKLJKHUWHPSHUDWXUHZKLFKGHVWUR\VWKHFRQWDPLQDQWV 




 DQG LV UHIHUUHG WR DV LQ-VLWX WKHUPDO GHVRUSWLRQ %DNHU HW DO  ([-VLWX
WKHUPDOGHVRUSWLRQLVDVLPLODUSURFHVVWRWKHLQ-VLWXPHWKRGZLWKWKHH[FHSWLRQWKDW
WKH VRLO LV H[FDYDWHG RU VWRFNSLOHG DQG LQWURGXFHG DV D IHHG PDWHULDO 7KH H[-VLWX
V\VWHP LQYROYHV VRPH SUH- DQG SRVW-SURFHVVLQJ RI WKH VRLO HVSHFLDOO\ ZKHQ XVLQJ
/RZ 7HPSHUDWXUH 7KHUPDO 'HVRUSWLRQ /77' 86 (3$ E ([FDYDWHG VRLOV
DUHILUVWVFUHHQHGWRUHPRYHREMHFWVJUHDWHUWKDQLQFKHVLQGLDPHWHUZKLFKPD\EH
FUXVKHGRUVKUHGGHG86(3$E7KLVPHDQVWKDWWKHFRQWDPLQDWHGPDWHULDO
PXVW EH H[FDYDWHG IURP LWV RULJLQDO ORFDWLRQ IROORZLQJ VRPH GHJUHH RI PDWHULDO
KDQGOLQJ&RQWDPLQDWHGVRLOVDUHH[FDYDWHGDQGWUDQVSRUWHGWRVWDWLRQDU\IDFLOLWLHVRU
PRELOHXQLWVIRUWUHDWPHQW86(3$E 
7KHUPDOGHVRUSWLRQKDVEHHQXVHGZLGHO\ LQ WKH86$ IRUPRUH WKDQ\HDUV WR
WUHDW FRQWDPLQDWHG VRLO IURP JDV SODQWV :LOOLDP DQG %UDQNOH\  ,Q WKH 8.
WKHUH DUH D QXPEHU RI VLWHV ZKHUH WKHUPDO GHVRUSWLRQ WHFKQLTXHV DUH EHLQJ
LPSOHPHQWHG DQG WKH UHJXODWRUV FRQVLGHU WKLV DV D YLDEOH DOWHUQDWLYH WR ODQGILOO
:LOOLDPDQG%UDQNOH\7KHUPDOGHVRUSWLRQLVDOVRNQRZQWREHKLJKO\HIIHFWLYH
LQ WUHDWLQJ VRLOV FRQWDPLQDWHG ZLWK  92&¶V 692&¶V VHPL-YRODWLOH RUJDQLF
FRPSRXQGV  3$+¶V 3&%¶V SHVWLFLGHV F\DQLGHV DQG K\GURFDUERQV DQG FRXOG EH
DSSOLFDEOHIRULQ-VLWXDQGH[-VLWXFRQGLWLRQV'HIUD 
7KH WKHUPDO GHVRUSWLRQ SURFHVV DSSOLHV KHDW WR WKH FRQWDPLQDWHG PHGLD VXFK DV
VRLOV VHGLPHQW VOXGJH RU ILOWHU FDNH WR HYDSRUDWH WKH FRQWDPLQDQWV LQWR D JDV
VWUHDPWKDWLVWUHDWHGRUPDQDJHG7KHWUHDWPHQWSURFHVVHVWKDWDUHQRUPDOO\XVHG
LQFOXGH FRQGHQVDWLRQ FROOHFWLRQ DQG FRPEXVWLRQ RI WKH JDVHV 86 (3$ E




 ? ? 
 
  





GLVWULEXWLRQ FRQWUROOHU IRU WKH KHDWHUV YDSRXU UHFRYHU\ ZHOOV WHPSHUDWXUH DQG
SUHVVXUHPRQLWRULQJZHOOVLQFOXGLQJDQRII-JDVWUHDWPHQWV\VWHP 
7KHUHDUH IRXUPDLQPHWKRGV IRU LQ VLWX WKHUPDO WUHDWPHQW7KHVH LQFOXGH LQMHFWLRQ
KHDWLQJ KRW DLU HOHFWULFDO UHVLVWDQFH KHDWLQJ HOHFWURPDJQHWLF KHDWLQJ
UDGLRIUHTXHQF\RUPLFURZDYHDQGWKHUPDOFRQGXFWLYHKHDWLQJ)5758QLILHG
)DFLOLWLHV&/$,5(7'FLWHGLQ'HIUDDQG86(3$7KHHIILFLHQF\RI
GLIIHUHQW WKHUPDO WUHDWPHQWV ZLOO GHSHQG RQ DSSOLFDELOLW\ WKH W\SH RI FRQWDPLQDQWV
DQGVRLORUJURXQGZDWHUFRQGLWLRQV 
7KHIXQGDPHQWDOSULQFLSOHVRIWKHUPDOGHVRUSWLRQDUHWRLQFUHDVHWKHWHPSHUDWXUHLQ
WKH JURXQG ZKLFK PD\ SURPRWH FRQWDPLQDQW UHPRYDO E\ H[WUDFWLRQ RU GHVWUXFWLRQ
6XEVXUIDFH FRQGLWLRQV FDQ EH FRQGXFLYH WR HDV\ GHJUDGDWLRQ RU PDQDJHG IRU
 ? ? 
 
GLVSRVDO 'XH WR GLIIHUHQW RSHUDWLQJ WHPSHUDWXUHV WKHUPDO GHVRUSWLRQ FDQ EH
FDWHJRULVHG LQWR WZR JURXSV +LJK WHPSHUDWXUH WKHUPDO GHVRUSWLRQ +77' ZLWK
FRQWDPLQDQWV KHDWHG EHWZHHQ ) WR ) DQG ORZ WHPSHUDWXUH WKHUPDO
GHVRUSWLRQ /77' ZLWK FRQWDPLQDQWV KHDWHG EHWZHHQ ) WR ) 1$9)$&
 )RU LQ VLWX ORZ WHPSHUDWXUH WKHUPDO GHVRUSWLRQ VLPLODU WR )LJ WKH WDUJHW
WHPSHUDWXUHVDUH LQ WKH UDQJHRI2& WR2&GHSHQGLQJRQ WKHSK\VLFDO DQG
FKHPLFDO SURSHUWLHV RI WKH OLPLWLQJ FRQWDPLQDQW -RKQVRQ HW DO  7KH
DSSOLFDELOLW\ RI WKH WZR GLIIHUHQW WHPSHUDWXUH FRQGLWLRQV FRXOG EH D IXQFWLRQ RI VRLO
W\SHWKHGHSWKRIWKHFRQWDPLQDWHGPDWUL[DQGWKHW\SHDQGDPRXQWRIFRQWDPLQDQWV
SUHVHQW86(3$ 
7KH XVXDO GXUDWLRQ IRU 92&¶V VXFK DV GLHVHO RLO LV EHWZHHQ  PRQWKV WR  \HDU
GHSHQGLQJ RQ WKH VLWH-VSHFLILF UHTXLUHPHQWV DQG WKH FKRVHQ KHDWHU VSDFLQJ
-RKQVRQHWDODQGPRVWSURMHFWVXVXDOO\WDNHWRPRQWKIRUGHPRELOL]DWLRQ
RIHTXLSPHQWDQGUHVWRUDWLRQRI WKHVRLO%XW LQDFDVHZKHUH WLPH LVDGHWHUPLQLQJ
IDFWRU WKH FKRVHQ WHFKQRORJ\ DQG KHDWHU VSDFLQJ FDQ EH YDULHG WR PDWFK WKH
H[SHFWHGSURMHFWVFKHGXOHDWWKHH[SHQVHRIKLJKHQHUJ\XVDJH)RULQVWDQFHLQWKH
86 WKLV LV W\SLFDOO\ FDUULHG RXW  IRU EURZQILHOG VLWHV WR EH GHYHORSHG IRU WKH
FRQVWUXFWLRQRIQHZKRPHV-RKQVRQHWDOWKLVLVVLPLODUWRWKHFRQFHSWXDOVLWH
EHLQJHYDOXDWHGLQWKHVWXG\UHSRUWHGKHUH 
7KH WHFKQRORJ\ FRXOG EH DSSURSULDWH IRU FRPSOH[ VLWHV LQ WKH 8. VXFK DV
K\GURFDUERQ FRQWDPLQDWHG VLWHV ZKHUH FRQWDPLQDQWV DUH QRW UHDGLO\ WUHDWDEOH DQG
WKHWHFKQLTXHFRXOGEHXVHGHVSHFLDOO\LQFDVHVZKHUHTXLFNHUFOHDQ-XSLVQHHGHGRU
ZKHUH VXEVXUIDFH KHWHURJHQHLWLHV SRWHQWLDOO\ OLPLW WKH SHUIRUPDQFH RI RWKHU LQ VLWX
WUHDWPHQWDOWHUQDWLYHV ,QDGGLWLRQ WKH WHFKQRORJ\DOORZVVRLO WREHFOHDQHGRQVLWH
DQG UHGXFHVPRYHPHQWRI YHKLFOHV WUDQVSRUWLQJVRLOV WR ODQGILOO WKHUHE\VDYLQJ IXHO
DQGH[KDXVWHPLVVLRQVZKLFKPD\EHDQHQYLURQPHQWDOFRQFHUQ IRUPRVW UHPHGLDO
RSWLRQVLQWKH8.+RZHYHUWKHWHFKQRORJ\FRXOGEHH[SHQVLYHDVFRVWLVGULYHQE\
HQHUJ\ DQG HTXLSPHQW FRVWV DQG ERWK DUH FDSLWDO LQWHQVLYH RSHUDWLRQ DQG
PDLQWHQDQFHDQGEHFDXVH WKH WHFKQLTXHHQKDQFHV WKHPRELOLW\RI FRQWDPLQDQWV LW
PLJKWOHDGWRWKHLUPLJUDWLRQRXWVLGHWKHWUHDWPHQW]RQH 
%LRORJLFDOPHWKRGVIRUK\GURFDUERQUHPHGLDWLRQ 
&XUUHQW OHJLVODWLRQ ERWK LQ WKH(8 DQG 8. LQ FRQMXQFWLRQ ZLWKHFRQRPLFGULYHUV
 ? ? 
 
KDV GULYHQ WKH VHDUFK IRU DOWHUQDWLYH PHDQV RI UHPHGLDWLRQ IRU VRLOV FRQWDPLQDWHG
ZLWK K\GURFDUERQV %LRUHPHGLDWLRQ WHFKQLTXHV KDYH JDLQHG DFFHSWDQFH LQ WKH
UHPHGLDWLRQLQGXVWU\IRUWKHFOHDQ-XSRIFKHPLFDOO\FRQWDPLQDWHGODQG-RUJHQVHQHW
DO DQG WKH WHFKQRORJLHVKDYHEHHQGHPRQVWUDWHG WREH IHDVLEOH TXLFNDQG
GHSOR\DEOHLQDZLGHUDQJHRISK\VLFDOVHWWLQJV6RLOELRUHPHGLDWLRQPD\EHEURDGO\
GLYLGHG LQWR LQ-VLWX DQG H[-VLWX WHFKQLTXHV$FFRUGLQJ WR ;X DQG /X  H[-VLWX
WHFKQLTXHV LQFOXGH ODQGIDUPLQJ FRPSRVWLQJ ELRVOXUU\ DQG ELRSLOOLQJ ZKLFK DUH
FDUULHGRXWDERYHJURXQGXVLQJWLOOLQJWXUQLQJDQGDSSO\LQJR[\JHQDQGQXWULHQWV,Q-
VLWX WHFKQLTXHV LQYROYH WKH VDPH ELRORJLFDO WUHDWPHQW DV H[ VLWX EXW ZLWKRXW
H[FDYDWLQJWKHFRQWDPLQDWHGVRLO-RUJHQVHQHWDO 
7KH FRQFHSW RI WKH WHFKQLTXH LV EDVHG XSRQ WKH HQKDQFHPHQW RI SRSXODWLRQV RI
PLFURRUJDQLVPVHLWKHU LQ WKHVRLORUDGGHGWR WKHVRLO WRGHJUDGHWKHFRQWDPLQDQWV




7KH LQFLGHQW KDV FRQILUPHG WKDW ILHOG VWXGLHV SURYLGH WKH PRVW FRQYLQFLQJ
GHPRQVWUDWLRQRI WKHHIIHFWLYHQHVVRI ELRUHPHGLDWLRQ IRURLO SROOXWHGVRLOVZKHUHDV
ODERUDWRU\ VWXGLHV GR QRW DFFRXQW IRU WKH QXPHURXV UHDO ZRUOG VLWXDWLRQV
HQFRXQWHUHG)RUH[DPSOHWKHODERUDWRU\VWXGLHVFRQGXFWHGE\%HQWRHWDOLQ
ZKLFK DOO WKUHH WHFKQRORJLHV RI ELR-VWLPXODWLRQ ELR-DXJPHQWDWLRQ DQG QDWXUDO
DWWHQXDWLRQ ZHUH HYDOXDWHG DQG LW ZDV IRXQG WKDW WKH QXPEHU RI GLHVHO-GHJUDGLQJ




IRXQG WKDW GXULQJ D  GD\ WULDO WKHUH ZDV QR VLJQLILFDQW GLIIHUHQFH EHWZHHQ ELR-
VWLPXODWLRQELR-DXJPHQWDWLRQDQGQDWXUDODWWHQXDWLRQ+RZHYHU,QDVLPLODUVWXG\RI
WKH VDPH ([[RQ 9DOGH] VSLOO WKH XVH RI ROHRSKLOLF RLO HDWLQJ PLFUREHV PLFUR-
HPXOVLRQVZLWKXUHDDVDQLWURJHQVRXUFH ODXUHWKSKRVSKDWHDVSKRVSKDWHVRXUFH
DQGROHLFDFLGDVDFDUERQVRXUFHDQG&XVWRPEOHQUHDJHQWXVHGDVQXWULHQWVIRU
VKRUHOLQH WUHDWPHQW DQG DSSOLHG RYHU  NP RI WKH FRQWDPLQDWHG VKRUHOLQH IRU
 ? ? 
 
DSSUR[LPDWHO\ - ZHHNV ZDV LQYHVWLJDWHG 7KH UHVXOW IURP WKLV VHFRQG VWXG\
VKRZHG WKDW UHPHGLDWLRQ RI WKH WUHDWHG VKRUHOLQH ZDV JUHDWHU WKDQ WKH QDWXUDO
DWWHQXDWLRQVKRUHOLQH3ULWFKDUGDQG&RVWD 
7KHSUDFWLFDOLW\RIELRUHPHGLDWLRQWHFKQLTXHVZDVDOVRVKRZQGXULQJWKH*XOIZDULQ





5DGZDQ HW DO  FDUULHG RXW D ILHOG VWXG\ IRU D SHULRG RI RQH \HDU ZLWK HLJKW
WUHDWPHQWW\SHVDQGWKHLUILQGLQJVVKRZHGWKDWDPL[WXUHRIRLOSROOXWHGVRLODQG




DSSOLHG +\SRQH[ VRLO ZLWK QXWULHQW DQG EDUN PDQXUH DV D EDVLF QXWULHQW IRU
PLFURRUJDQLVPVDQGDSSOLHGWZHOYHRWKHUNLQGVRIPDWHULDOVDQGVXUIDFWDQWVEDNHG
GLDWRPLWH PLFURSRURXV JODVV FRFRQXW FKDUFRDO DQG DQ RLO-GHFRPSRVLQJ EDFWHULDO
PL[WXUH WR DFFHOHUDWH WKH ELRGHJUDGDWLRQ RI K\GURFDUERQV GXULQJ  ZHHNV
LQFXEDWLRQ7KHUHVXOWVVKRZWKDW-RIWKHFRQWDPLQDWHGRLOZDVGHFRPSRVHG
DQG DPRQJVW WKH PDWHULDOV WHVWHG FRFRQXW FKDUFRDO ZDV VHHQ WR HQKDQFH WKH
ELRGHJUDGDWLRQRIWKHK\GURFDUERQ 
6LQFHWKHLQFLGHQWVRI([[RQ9DOGH]DQGWKH*XOIZDUPXFKKDVEHHQDFKLHYHGLQWKH
ILHOG RI ELRUHPHGLDWLRQ ERWK LQ ODERUDWRU\ DQG ILHOG VWXGLHV 7KH LQFLGHQWV KDYH
SURPSWHG WKH GHYHORSPHQW DQG UHILQHPHQW RI WKH WHFKQLTXHV DW ERWK D ODUJH DQG
VPDOO VFDOH DQG KDYH EHHQ WKH VXEMHFW RI GHEDWH DQG UHVHDUFK HIIRUWV LQ UHFHQW
\HDUV7KHGHPRQVWUDWLRQRIWKHVLJQLILFDQFHRILQGLJHQRXVEDFWHULDLQGHJUDGLQJRLO
KDV EHHQ IXOO\ LGHQWLILHG 5DGZDQ HW DO  7KH WKUHH W\SHVRI ELRUHPHGLDWLRQ








FXUUHQW DQG IXWXUH VFLHQWLILF WKLQNLQJ &XUUHQWO\ FKHPLFDO GDWD DQG ELRORJLFDO
WHFKQLTXHV DUH DGRSWHG LQ DVVHVVLQJ DQG GHVFULELQJ WKH UDWH RI K\GURFDUERQ
GHJUDGDWLRQ 7KH UHVXOW RI ELRORJLFDO DQG FKHPLFDO DQDO\VLV RI ELRUHPHGLDWLRQ
WUHDWPHQWV FDQ SURYH WR EH D XVHIXO SUHGLFWLRQ RQ KRZ ELRUHPHGLDWLRQ VKRXOG EH
DVVHVVHG DQG RIIHU WUDQVSDUHQW OLQHV RI HYLGHQFH WR GHVFULEH GHJUDGDWLRQ UDWHV
'LSORFNHWDO 
&RQVHTXHQWO\ DQ\ ELRUHPHGLDWLRQ SURFHVV PXVW GHPRQVWUDWH WKH UHPRYDO RI WKH
FRQWDPLQDQWVDQGWKHUDWHRIGHJUDGDWLRQPXVWEHKLJKHUWKDQOHDYLQJWKHVRLOLQLWV
RULJLQDO VWDWH %HQWR HW DO  +\GURFDUERQ ELRUHPHGLDWLRQ FDQ EH SURPRWHG
HLWKHUE\VWLPXODWLQJWKHLQGLJHQRXVPLFURRUJDQLVPVE\WKHDGGLWLRQRIQXWULHQWVDQG





1DWXUDO DWWHQXDWLRQ LV WKH VRLOV QDWXUDO DELOLW\ WR GHJUDGH WKH FRQWDPLQDQWV ZLWKRXW
H[WHUQDO LQSXWV 1DWXUDO DWWHQXDWLRQ LV D FOHDQ-XS WHFKQRORJ\ WKDW PDNHV XVH RI
QDWXUDOO\RFFXUULQJPLFURRUJDQLVPV WRPLWLJDWHFRQWDPLQDQWVWKDWDUHSUHVHQW LQ WKH
VRLO 7KLV LV UHIHUUHG WR DV LQWULQVLF ELRUHPHGLDWLRQ 0RUHLUD HW DO  1DWXUDO
DWWHQXDWLRQ EDVLFDOO\ UHOLHV RQ WKH QDWXUDO DVVLPLODWLYH FDSDFLWLHV RI WKH VRLO WR DFW
XSRQ WKHFRQWDPLQDQWV 6LPDUURHWDODQGSUHYHQW WKHLUPLJUDWLRQ+RZHYHU
WKH WHFKQLTXH LV VORZ DQG XQFRQWUROOHG EHFDXVH WKH PHWKRG UHOLHV RQ LQGLJHQRXV
PLFURRUJDQLVPVWRGHJUDGHWKHFRQWDPLQDQWV.DXSSLHWDO 
%LR-DXJPHQWDWLRQ 
%LR-DXJPHQWDWLRQ LV WKH DGGLWLRQ RI D PLFURELDO FRQVRUWLXP PDGH XS RI EDFWHULDO
VSHFLHV WKDW KDYH SUHYLRXVO\ EHHQ LVRODWHG IURP D K\GURFDUERQ FRQWDPLQDWHG VRLO
7DFFDUL HW DO  7KXV WKH SRSXODWLRQ RI PLFURRUJDQLVPV DGGHG KDYH DOUHDG\
EHHQVKRZQWREHFDSDEOHRIUHPRYLQJDZLGHYDULHW\RIK\GURFDUERQVIURPWKHVRLO 
7KHDELOLW\RIPLFUR-RUJDQLVPVWRGHJUDGHK\GURFDUERQVKDVEHHQNQRZQIRUPDQ\
 ? ? 
 
\HDUVDQG=REHOO  LGHQWLILHGRYHUPLFURELDOVSHFLHV IURPJHQHUD WKDW
FRXOG GHJUDGH VRPH W\SH RI K\GURFDUERQV 7KHVH RUJDQLVPV DUH IRXQG LQ WKH
HQYLURQPHQWDQGDUHZLGHO\GLVWULEXWHGLQIUHVKDQGVDOWZDWHUVRLODQGJURXQGZDWHU






HQWHU WKH VRLO WKH\ VHOHFWLYHO\ FRQVXPH WKHK\GURFDUERQV 6DUNHU HW DO  DQG
XVHWKHPDVDVRXUFHRIHQHUJ\+XDQJHWDO 
7KH ELR-DXJPHQWDWLRQ SURFHVV PD\ EH HQKDQFHG E\ WKH DGGLWLRQ RI QXWULHQWV
HVVHQWLDO IRUPLFURELDOJURZWK LIVRLODQDO\VLVVKRZV WKHPWREH ODFNLQJ 7VDL HWDO
 1XWULHQWV FRPPRQO\ DGGHG DUH QLWURJHQ DQG SKRVSKRUXV *RQJ 










RWKHU JURZWK-OLPLWLQJ FR-VXEVWUDWHV 1LNRORSRXOR HW DO  %LR-VWLPXDWLRQ
WHFKQLTXHV KDYH EHHQ VKRZQ WR LPSURYH WKH ELRGHJUDGDWLRQ RI RLO XQGHU$QWDUFWLF
FRQGLWLRQVDQGSURYHGWREHEHQHILFLDOXVLQJQXWULHQWVDQGEHVWH[SHULPHQWDOGHVLJQ
FRQVWLWXWLQJ D SURPLVLQJ DOWHUQDWLYH IRU VRPH K\GURFDUERQ-FRQWDPLQDWHG $QWDUFWLF
VRLOUHVWRUDWLRQ'LDVHWDO 
7KH FRQFHSW RI ELR-VWLPXODWLRQ LV WKDW WKH DGGLWLRQ RI QXWULHQWV LQWR WKH VRLO ZLOO
VWLPXODWH DQG LQFUHDVH WKH SRSXODWLRQ RI LQGLJHQRXV PLFURRUJDQLVPV$FFRUGLQJ WR
6DUNHU HW DO  WKH LQGLJHQRXV PLFURRUJDQLVPV PD\ RU PD\ QRW UHPRYH WKH






7KH HQYLURQPHQW H[HUWV D VLJQLILFDQW LQIOXHQFH RQ PLFURELDO DFWLYLWLHV DQG ZKLOVW
PLFUR-RUJDQLVPV DUH SUHVHQW LQ DQ\ FRQWDPLQDWHG VRLO /HH HW DO  WKH
DYDLODELOLW\RIFRQWDPLQDQWVWRWKHPLFUR-RUJDQLVPVLVLQIOXHQFHGE\DUDQJHRIELRWLF
DQG DELRWLF IDFWRUV )DFWRUV WKDW LQIOXHQFH PLFURELDO GHJUDGDWLRQ LQFOXGH WKH
LQGLJHQRXV PLFURELDO SRSXODWLRQV QXWULHQW DYDLODELOLW\ R[\JHQ S+ WHPSHUDWXUH
ZDWHU FRQWHQW ELRDYDLODELOLW\ RI FRQWDPLQDQWV DQG VRLO SURSHUWLHV 0DUJHVLQ DQG
6FKLQQHU  7DFFDUL HW DO  'XULQJ WKH ELRUHPHGLDWLRQ SURFHVV WKH
RSWLPLVDWLRQRIWKHVHIDFWRUVZLOOOHDGWRWKHHIIHFWLYHGHJUDGDWLRQRISROOXWDQWV 
7HPSHUDWXUH7KLVLVDQLPSRUWDQWDELRWLFIDFWRUIRUVXFFHVVIXOELRUHPHGLDWLRQRI
FRQWDPLQDWHG ODQG 7HPSHUDWXUH H[HUWV DQ LQIOXHQFH RQ WKH QDWXUH DQG H[WHQW RI
PLFURELDOK\GURFDUERQPHWDEROLVP&KDQJHWDO,QPDQ\WHPSHUDWHDQGFROG
FOLPDWHV WKH GHJUDGDWLRQ RI DOLSKDWLF K\GURFDUERQV LV KLQGHUHG E\ ORZ DPELHQW
WHPSHUDWXUHV GXULQJ PRVW RI WKH \HDU )HUJXVRQ HW DO  7KXV VRPH
HQYLURQPHQWVDUHDVVRFLDWHGZLWKH[WUHPH WHPSHUDWXUHVHLWKHU LQDUWLFRUVHPL-DULG









+RZHYHU WKHUH DUH FROG-DGDSWHG LQGLJHQRXV K\GURFDUERQ GHJUDGHUV LQ FROG DUWLF
UHJLRQVEHFDXVHWKHUHDUHFHUWDLQEDFWHULDVSHFLHVWKDWDEOHWRJURZDQGPHWDEROL]H
K\GURFDUERQVRYHUDZLGHWHPSHUDWXUHUDQJH&KDQJHWDO%XWDFRPSDULVRQ
RIRLOGHFRQWDPLQDWLRQDW& WR UHVXOWV UHSRUWHGDW&±&XQGHUVFRUHV WKH
 ? ? 
 
HIIHFWLYHQHVVRIFROG±DGDSWLYHGHJUDGHUV0DUJHVLQ7KLVVKRZVDFRUUHODWLRQ
EHWZHHQ GHFUHDVLQJ WHPSHUDWXUHV DQG GHFUHDVLQJ UDWHV RI HQ]\PDWLF DFWLYLWLHV
ZKLFKDUHUHVSRQVLEOHIRURLOGHJUDGDWLRQ+LJKWHPSHUDWXUHVWHQGWRIDYRXUWKHXVH
RI WKHUPRSKLOLFEDFWHULD IRUELRGHJUDGDWLRQRIK\GURFDUERQV+LJKYRODWLOL]DWLRQDQG
VROXELOLW\ RI VRPH K\GURFDUERQV DW RSWLPDO WHPSHUDWXUHV LQIOXHQFHV WR[LFLW\ DQG
DOORZVELRWUDQVIRUPDWLRQDWKLJKVXEVWUDWHFRQFHQWUDWLRQV:K\WHHWDO 




HJR[\JHQ LV UHGXFHG %RUGHQ HWDO 7KHUHDUHDQXPEHURIRWKHU NQRZQ
HOHFWURQDFFHSWRUV LQFOXGLQJQLWUDWH LURQR[LGHZDWHUVXOSKDWHDQGFDUERQGLR[LGH




DQG RSWLPLVH WKH PRLVWXUH FRQWHQW &KDQJ HW DO  DQG $ELR\H HW DO 
1XWULHQWVFRPPRQO\DGGHGDUH LQRUJDQLFVXFKDVQLWURJHQDQGSKRVSKRUXV&KDQJ
HWDO%XWDVWKHILHOGRIELRUHPHGLDWLRQFRQWLQXHVWRH[SDQGWKHDSSOLFDWLRQRI
RUJDQLF FRPSRXQGV EHFRPHV PRUH SRSXODU LQ RUGHU WR DLG WKH PHWDEROLVP RI VRLO
PLFUREHV ,Q UHFHQW WLPHV EXONLQJ DJHQWV VXFK DV ZRRG FKLSV YHUPLFXOLWH DQLPDO
GURSSLQJV FRPSRVWDEOH PXQLFLSDO ZDVWH SRXOWU\ PDQXUH DQG RWKHU JUHHQ ZDVWHV
DUH QRZ XVHG DV QXWULHQW VXSSOHPHQWV LQ WKH ELRUHPHGLDWLRQ RI FRQWDPLQDWHG VRLO
0F0DKRQHWDO$GHVRGXQHWDODQG'HIUD 
%LRDYDLODELOLW\RIWKHFRQWDPLQDQWVDQG,QGLJHQRXVPLFURRUJDQLVPV2QHRI
WKHFKDOOHQJLQJ WDVNVRIHIIHFWLYHELRUHPHGLDWLRQ LV WKHDELOLW\RIPLFURRUJDQLVPV WR
GHJUDGHWKHFRQWDPLQDQWVWRDUHVLGXDOSRLQWZKHUHLWFDQEHFRQVLGHUHGKDUPOHVVWR
WKH HQYLURQPHQW 7KH LQGLJHQRXV PLFURRUJDQLVPV DUH NQRZQ WR GHJUDGH
K\GURFDUERQV PRUH HIIHFWLYHO\ WKDQ WKH LQWURGXFHG VWUDLQV 7KLV LV EHFDXVH WKH
LQWURGXFWLRQ RI H[WHUQDO RLO GHJUDGLQJ EDFWHULDO RU NQRZQ K\GURFDUERQ GHJUDGLQJ
EDFWHULDPD\WDNHDORQJHUWLPHWRDFFOLPDWL]HWRWKHFRQWDPLQDWHGHQYLURQPHQW 
,QD ODERUDWRU\H[SHULPHQWFRQGXFWHGE\&KRHWDO XVLQJFRQWDPLQDWHGVRLO
 ? ? 
 
IURP WKH .XZDLW GHVHUW RI WKH WHQ WUHDWPHQWV WKH\ VWXGLHG WKH VDPSOHV ZLWK RLO
GHFRPSRVLQJ EDFWHULDO PL[WXUHV LPSHGHG WKH ELRUHPHGLDWLRQ SURFHVV ,Q DQRWKHU
VWXG\E\5DGZDQHWDOXVLQJWKHVDPH.XZDLWGHVHUWFRQWDPLQDWHGVRLOWKH
LQWURGXFWLRQ RI RLO GHJUDGLQJ EDFWHULD ZDV QRW HIIHFWLYH LQ WKH UHPRYDO RI WKH
K\GURFDUERQV IURP WKH VRLO ZKLOVW WKH RSWLPL]DWLRQ RI LQGLJHQRXV RLO GHJUDGLQJ
EDFWHULDGHPRQVWUDWHGDVLJQLILFDQWUHGXFWLRQRIK\GURFDUERQVIURPWKHVRLO 
0RUH VR LQ D VWXG\ FRQGXFWHG E\ .LP HW DO  ZKHUH  WKUHH WUHDWPHQWV
LQFOXGLQJ WKH DSSOLFDWLRQ RI VXUIDFWDQW RLO-GHJUDGLQJ EDFWHULD DQG PRQLWRULQJ RI
LQGLJHQRXVEDFWHULDZHUHHYDOXDWHGLWZDVIRXQGWKDWWKHDSSOLFDWLRQRIRLO-GHJUDGLQJ
EDFWHULD LQ D FRQFHQWUDWLRQ KLJKHU WKDQ WKH LQGLJHQRXV PLFURELDO SRSXODWLRQV
VLJQLILFDQWO\ LQFUHDVHG WKH FOHDQ-XS SURFHVV 7KHVH ILQGLQJ¶V WR VRPH H[WHQW
HPSKDVL]H WKH UROH RI GRPLQDQFH LQ PLFURELDO SRSXODWLRQV LQ WHUPV RI UHPHGLDWLQJ
SROOXWHG VRLOV 7KH LQGLJHQRXV RUJDQLVPV DUH NQRZQ WR KDYH D QLFKH ZLWKLQ WKH
K\GURFDUERQFRQWDPLQDWHGVLWHEHFDXVHWKH\XVHWKHFDUERQDVDVRXUFHRIHQHUJ\
$VVXFKLIH[WHUQDOEDFWHULDDUHLQWURGXFHGWKH\PXVWEHLQDODUJHTXDQWLW\DQGKDYH




 6RLO SURSHUWLHV S+ DQG ZDWHU FRQWHQW (QYLURQPHQWDO SDUDPHWHUV VXFK DV
WHPSHUDWXUH S+ PRLVWXUH FRQWHQW VRLO SURSHUWLHV TXDQWLW\ DQG ELRDYDLODELOLW\ RI
FRQWDPLQDQWVDQGUHGR[SRWHQWLDOVDUHVLJQLILFDQWIRUELRUHPHGLDWLRQ)RXQWRXODNLVHW




JURZWK RU VXUYLYDO )RU H[DPSOH WKH PHDVXUHPHQW RI S+ LQ D VRLO LV LPSRUWDQW WR
XQGHUVWDQG WKH W\SHV RI PLFURELDO VSHFLHV ZLWKLQ WKDW VRLO 7KLV LV EHFDXVH HDFK
VSHFLHV RI EDFWHULD KDYH WKHLU RSWLPXP S+ YDOXH IRU JURZWK  7KDSD HW DO 
DVVHUWHG WKDWPLFURELDOJURZWKDQGDFWLYLW\DUH UHDGLO\DIIHFWHGE\S+ WHPSHUDWXUH
DQGPRLVWXUH0RUHVRVRLOS+PD\GHSHQGRQRWKHUHQYLURQPHQWDOIDFWRUVVXFKDV
PLQHUDODQGZDWHUFRQWHQW 
 ? ? 
 
2QH LPSRUWDQW VRLO SURSHUW\ LQ WKH ELRUHPHGLDWLRQ SURFHVV LV WKHYDOXH RI PRLVWXUH




$QRWKHU GRPLQDQW IHDWXUH RI VRLO SURSHUWLHV LV WKH FOD\-RUJDQLF PDWWHU FRPSOH[HV
7KHDJJUHJDWLRQRI WKHFOD\DQGRUJDQLFPDWWHUFRPSOH[HV LVDQ LPSRUWDQWHOHPHQW










2QH UHDVRQRIWHQSXW IRUZDUG LV WKDW WKHSK\VLRFKHPLFDO WUHDWPHQWVDUHTXLFNDQG
WKHLU RXWFRPH LV SUHGLFWDEOH LQ WKH VKRUW WHUP 'HIUD  0RUH VR WKH\ DUH




WKDW RXW RI WKH WKRXVDQGV RI FKHPLFDO FRPSRXQGV LQ RLO RQO\ D IHZ IUDFWLRQV DUH
NQRZQWREHVXVFHSWLEOHWRELRORJLFDOGHJUDGDWLRQ6HYHUDOEDFWHULDDQGILODPHQWRXV
IXQJLKDYHEHHQUHSRUWHGWRGHWR[LI\DQGGHJUDGHK\GURFDUERQV%RUUDVHWDO
)UDFWLRQV RI K\GURFDUERQ WKDW KDYH EHHQ VKRZQ WR EH ELRGHJUDGDEOH DFFRUGLQJ WR
+XDQJ HW DO  LQFOXGHV DONHQHV DURPDWLF K\GURFDUERQV DQG SRO\F\FOLF
DURPDWLF FRPSRXQGV 7KHVH FRPSRXQGV DUH XVHG E\ K\GURFDUERQ GHJUDGLQJ
PLFURRUJDQLVPV DV FDUERQ VRXUFHV EUHDNLQJ WKHP GRZQ LQWR IDWW\ DFLGV DQG WKHQ
LQWR FDUERQ GLR[LGH 3UDNDVK DQG ,UIDQ  +DULWDVK DQG .DXVKLN  DQG
 ? ? 
 
+XDQJHWDO 







,Q DQ\ ELRUHPHGLDWLRQ SURFHVV WKH UDWLRQDOH IRU WKH DSSOLFDWLRQ RI H[RJHQRXV
EDFWHULDOWRWKHVRLOPD\EHWKDWWKHLQGLJHQRXVEDFWHULDPD\QRWKDYHWKHDELOLW\WR




RI WKH SURFHVV WKURXJK FODVVLFDO PHWKRGV ZDV LQIOH[LEOH XQUHOLDEOH DQG WLPH
FRQVXPLQJ+XDQJHWDO2QHRIWKHDUJXDEOHVKRUWFRPLQJVRIELRUHPHGLDWLRQ
LVWKHXQSUHGLFWDELOLW\RIWKHSURFHVVGXHWRDODFNRIXQGHUVWDQGLQJRIWKHEHKDYLRXU
RI PLFURELDO SRSXODWLRQV LQ QDWXUDO HQYLURQPHQWV DQG KRZ SK\VLFDO ELRORJLFDO DQG
FKHPLFDO IDFWRUV LQWHUDFW WR FRQWURO WKHLU DELOLW\ WR EUHDNGRZQ HQYLURQPHQWDO
SROOXWDQWV 
2QH RI WKH GLIILFXOWLHV DVVRFLDWHG ZLWK ELRUHPHGLDWLRQ LV WKH LQDELOLW\ WR HIIHFWLYHO\
HYDOXDWH WKHELRGHJUDGDWLRQSURFHVVRI WKHGLIIHUHQWELRUHPHGLDWLRQ WHFKQLTXHVGXH
WRSK\VLFDODQGFKHPLFDOZHDWKHULQJZKLFKPD\VLJQLILFDQWO\DIIHFWWKHFRPSRVLWLRQ
DQGFRQFHQWUDWLRQRIRLOFRQWDPLQDWLRQ1LFKROVDQG9HQRVD7KLVFRXOGEHDV
D UHVXOW RI WKH SROOXWHG DUHD EHLQJ H[SRVHG WR WKH FRQWDPLQDWLRQRYHU D ORQJ WLPH
SHULRGRUDWDQHZO\SROOXWHGVLWHWKHRLOFRXOGEHORVWGXHWRYRODWLOL]DWLRQDGVRUSWLRQ





 ? ? 
 
RI WKH SROOXWDQWV PLFURELDO FRPPXQLW\ G\QDPLFV DQG HFRWR[LFRORJLFDO HIIHFWV RI
YDULRXV ELRUHPHGLDWLRQ VWUDWHJLHV /ODGR HW DO 2LO KDV EHHQ GHVFULEHGDVD
KLJKO\FRPSOH[DVVHPEODJHRIRUJDQLFFRPSRXQGVWKDWQRVLQJOHDQDO\WLFDOPHWKRG
FDQ HQWLUHO\ FKDUDFWHULVH $O-0XWDLUL HW DO  +HQFH WKH PHDVXUHPHQW RI WKH
HIIHFWLYHQHVV RI WKH ELRUHPHGLDWLRQ SURFHVV PD\ EH LQDFFXUDWH ,W KDV EHHQ
VXJJHVWHG WKDW WKH HIILFLHQF\ RI WKH ELRUHPHGLDWLRQ SURFHVV VKRXOG EH HYDOXDWHG
XVLQJDFKHPLFDODQGWR[LFLW\WHVWERWKGXULQJDQGSRVW-UHPHGLDWLRQ$O-0XWDLULHWDO
 /ODGR HW DO  DOVR VWDWH WKDW DFXWH WR[LFLW\ WHVWV ZRXOG FRQILUP WKH
LPSURYHPHQW LQ WKH TXDOLW\ RI WKH VRLO WR JLYH DQ LQVLJKW LQWR WKH SURJUHVV RI
ELRUHPHGLDWLRQVWUDWHJLHV 
7R[LFLW\ WHVWLQJ GXULQJ ELRUHPHGLDWLRQ DQG SRVW-ELRUHPHGLDWLRQ PD\ VHUYH DV DQ
LQGLFDWRURI VRLO TXDOLW\ DQG WKH SRWHQWLDO ULVN WKH FRQWDPLQDQWV SRVH WR WKH QDWXUDO
HFRV\VWHP0DUJHVLQDQG6FKLQQHU,QDILHOGVWXG\FRQGXFWHGE\6DODQLWURHW
DOHYDOXDWLRQRIHDUWKZRUPVVHHGJHUPLQDWLRQDQGSODQWJURZWKZHUHXVHG
WR PRQLWRU WRWDO SHWUROHXP K\GURFDUERQ 73+ GHJUDGDWLRQ 7KHLU ILQGLQJV VKRZHG
WKDW UHPHGLDWHG VRLOV ZHUH QRW WR[LF WR HDUWKZRUPV DQG GLG QRW LQKLELW VHHG
JHUPLQDWLRQDIWHU-PRQWKVRI WUHDWPHQW7KHVWXG\VKRZHG WKDWFRQWDPLQDWHG
VRLOVFRXOG ORVHWKHLU WR[LFLW\DQGWKHSRWHQWLDO WR OHDFKFRQWDPLQDQWV LIVXFFHVVIXOO\
ELRUHPHGLDWHG 
,Q UHFHQW WLPHV WKH PHDVXUHPHQW RI K\GURFDUERQ FRQFHQWUDWLRQ E\ FURS \LHOG KDV
RSHQHG D IURQWLHU LQ WKH ILHOG RI ELRUHPHGLDWLRQ DV SODQW JURZWK KDV VXFFHVVIXOO\
EHHQ XVHG WR PHDVXUH WKH UHPHGLDWLRQ RI FRQWDPLQDWHG VRLOV UDWKHU WKDQ DV D
PHDVXUH RI VRLO WR[LFLW\ 7KLV HPHUJLQJ WHFKQRORJ\ LQ PDQ\ OLWHUDWXUHV KDV EHHQ
UHIHUUHGWRDVSK\WRUHPHGLDWLRQ0RUHLUDHWDO3K\WRUHPHGLDWLRQLVDORZ-FRVW
SURFHVVEDVHGRQPLFURELDODFWLYDWLRQ LQ WKH URRW]RQHDQG LV UHJDUGHGDVDQRYHO
PHWKRG HPSOR\HG WR UHPHGLDWH FRQWDPLQDWHG VRLO ZLWK 92&¶V DQG 692&¶V 'HIUD
 
$WSUHVHQW WKHUH LVQRHYLGHQFHRI DXQLYHUVDO73+FOHDQ-XSVWDQGDUG WKDW FDQEH
DGRSWHGUDWKHUWKHHIILFLHQF\RIWKHFOHDQ-XSLVDVVHVVHGXVLQJFULWHULDEDVHGXSRQ
ULVN-EDVHG DVVHVVPHQWV FRXSOHG WR DQ HYDOXDWLRQ RI WKH HQYLURQPHQWDO IDWH DQG
HIIHFWV RI WKH SROOXWDQWV 6DODQLWUR HW DO  ,Q WKH 8QLWHG .LQJGRP WKH
FRQWDPLQDWHGODQGUHJLPHZKLFKLVVHWRXWLQSDUW,,$RIWKH(QYLURQPHQWDO3URWHFWLRQ
 ? ? 
 
$FW  '(75  SURYLGHV D ULVN EDVHG DSSURDFK WR WKH LGHQWLILFDWLRQ DQG
FOHDQ-XSRIVLWHVZKLFKDUHFRQVLGHUHG WREHFRQWDPLQDWHG7KH ULVN WRKXPDQVRU
WKHZLGHUHQYLURQPHQWLVHYDOXDWHGDQGODQGLVRQO\FRQVLGHUHGWREHFRQWDPLQDWHGLI
WKHUH LV D VRXUFH SDWKZD\ DQG UHFHSWRU 7KH SDUW ,,$ UHJLPH EHVWRZV WKH
UHVSRQVLELOLW\ IRU WKH LGHQWLILFDWLRQ DQG FOHDQ-XS RI FRQWDPLQDWHG ODQG RQ ORFDO
DXWKRULWLHV DV WKH SULPDU\ UHJXODWRUV '(75  $SSURSULDWH UHPHGLDWLRQ ZLOO
SUHYHQWPLQLPL]HRUPLWLJDWHWKHHIIHFWVXSRQKXPDQKHDOWKDQGWKHHQYLURQPHQW,Q
WHUPV RI K\GURFDUERQV WKH FRPPRQO\ XVHG PHDVXUH XQGHU WKH 8. UHJLPH LV
FKHPLFDODQGELRORJLFDODVVHVVPHQW 
0RVWPRQLWRULQJVWXGLHVIRUELRUHPHGLDWLRQUHO\RQWKHRXWFRPHRIFKHPLFDODQDO\VHV
VXFK DV JDV FKURPDWRJUDSK\ RU PDVV VSHFWURPHWU\ WR HYDOXDWH HIILFDF\ DQG LQIHU
UHVLGXDORLOWR[LFLW\%DUWKH7KHUHIRUHWKHUHLVDUDQJHRIERWKFKHPLFDODQG
ELRORJLFDO WHFKQLTXHV WKDW FRXOGEH XVHG WRPHDVXUH WKHHIILFLHQF\ RI K\GURFDUERQ
GHJUDGDWLRQ ERWK GXULQJ DQG SRVW-ELRUHPHGLDWLRQ ,I WKH FKHPLFDO DQG ELRORJLFDO
DVVHVVPHQW SURYHG D GHJUDGLQJ UDWH RI FRQWDPLQDQW FRQFHQWUDWLRQ WKHQ WKH
WLPHIUDPHIRUWKHWDUJHWWREHDFKLHYHGFDQEHSUHGLFWHG 
7KHWLPHIUDPHIRUDELRUHPHGLDWLRQREMHFWLYHWREHDFKLHYHGGHSHQGVRQWKHYDULRXV
IDFWRUV GHVFULEHG VHFWLRQ  DERYH ,Q WKH UHYLHZ RI 0DLOD HW DO  WKH
































































































7DEOH  UHSRUWV WKH UHVXOWV RI VWXGLHV LQWR WKH ELRUHPHGLDWLRQ RI K\GURFDUERQ
FRQWDPLQDWHGODQGERWKLQWKH8.DQGJOREDOO\ZKLFKKDYHLQGLFDWHGDSHULRGRI
PRQWKV WR  \HDUV IRU WKH ELRUHPHGLDWLRQ REMHFWLYH WR EH PHW  $OVR LQ D VWXG\
FRQGXFWHGE\3:7%LQZKLFKVDPSOHVIURPDYDULHW\RIPLOLWDU\RSHUDWLRQVLQ
:DVKUDFN ZHUH LQFXEDWHG DQG DQDO\VHG LW ZDV IRXQG WKDW GHJUDGDWLRQ OHYHOV
UHFRUGHGPHWWKHUHXVHRIVRLOOHYHOUHTXLUHPHQWVLQPRQWKV 
$QRWKHUVWXG\ LQ WKH8.ZKHUHIRUPHUJDVZRUNVVLWHVRZQHGE\%ULWLVK*DVZHUH
UHPHGLDWHG YROXPH RI WUHDWDEOH PDWHULDO  P WKH FRQWDPLQDQWV LQFOXGLQJ
K\GURFDUERQVZHUHGHJUDGHGDQGWKHVLWHFOHDQ-XSWDUJHWZDVDFKLHYHGLQPRQWKV
IRUDOO FRQWDPLQDQWVDWD WULJJHU OHYHO UHFRPPHQGHGE\ WKH(QYLURQPHQWDO$JHQF\
'D\ HW DO $QRWKHU VWXG\ WKDW FRQILUPHG WKH HIILFDF\ RI WKH ELRUHPHGLDWLRQ
SURFHVVZDVWKHILHOGZRUNFRQGXFWHGE\3LFDGRHWDOLQ3RUWXJDOLQZKLFKWKH
RYHUDOO VRLO WUHDWDELOLW\ RI K\GURFDUERQ FRQWDPLQDWHG VRLO GHWHFWHG D UHGXFWLRQ RI




IRU GHFUHDVLQJ WKH FRQFHQWUDWLRQ RI FRQWDPLQDQWV DQG UHGXFLQJ WKH ULVN WR KXPDQ
KHDOWK DQG WKH HQYLURQPHQW +RZHYHU WKH XVH RI WKH WHFKQLTXH DV D UHPHGLDO




WHFKQLTXHDQGFRXOGSURYLGH WKH UHJXODWRU\ERG\ WKHPHWULFV UHTXLUHG WRDGRSW WKH
WHFKQLTXH DV WKH PRVW HIIHFWLYH PHWKRG WR PRQLWRU RLO FRQWDPLQDQWV IURP DTXLIHUV
0RUH VR DVVHVVPHQW VKRXOG SURYLGH D UHDVRQDEOH WLPH IUDPH IRU WKH UHPHGLDWLRQ
REMHFWLYH WREHDFKLHYHGDQGVKRXOGRIIHUD WUDQVSDUHQW OLQHRIHYLGHQFH WRH[SODLQ
GHJUDGDWLRQUDWHV LQFOXGLQJWKHHQGSRLQWRIWKHUHPHGLDWLRQWDUJHW7KXV ODERUDWRU\
H[SHULPHQWV PXVW EH HIIHFWLYHO\ H[WUDSRODWHG WR WKH ILHOG VFDOH DQG ELRORJLFDO




VRPHRIZKLFKZLOO EHDGRSWHG WR WHVW WKHHIILFDF\ RI WKHELRUHPHGLDWLRQ WHFKQLTXH
EHLQJHYDOXDWHGLQWKLVVWXG\ 
%LRORJLFDOWHFKQLTXHV 
([WHQVLYHHIIRUWVKDYHEHHQPDGH LQ WKH ILHOGRIELRUHPHGLDWLRQ WR LQYHVWLJDWH WKH
UROHRIHQ]\PDWLFUHDFWLRQVGXULQJWKHGHJUDGDWLRQRIFRQWDPLQDWHGVRLO.DSODQDQG
.LWWV  3HUU\  6DOPLQHQ  9HQNDWHVDQ DQG 6HQWKXUSDQGLDQ 
=KDQJ HW DO  6RLO HQ]\PH DFWLYLWLHV FRXOG WKHQ EH XVHG DV LQGLFDWRUV RI
FRQWDPLQDQW GHJUDGDWLRQ DV LW LQFRUSRUDWHV LQIRUPDWLRQ DERXW PLFURELDO VWDWXV DQG
WKHSK\VLFRFKHPLFDOFRQGLWLRQRIWKHVRLOV&KHQHWDO 
,QWKHILHOGRIDJULFXOWXUHVRLOHQ]\PHVDUHRIWHQXVHGDVDELRORJLFDOPDUNHURIVRLO
IHUWLOLW\ 9HQNDWHVDQ DQG 6HQWKXUSDQGLDQ  DQG WKH PHDVXUHPHQW RI HQ]\PH
DFWLYLW\ LQ FRQWDPLQDWHG VRLOV FRXOG DOVR EH XVHG DV D PHDVXUH RI FKDQJHV LQ WKH
FRPSRVLWLRQVWUXFWXUHDQGDFWLYLW\RIPLFURELDOSRSXODWLRQV.DSODQDQG.LWWV










WKHSRSXODWLRQV RI PLFUR-RUJDQLVPV SUHVHQWZKLOVW VRLO HQ]\PH DVVD\V ZLOO JLYH DQ
LQGLFDWLRQ RI PLFURELDO DFWLYLWLHV (Q]\PH DVVD\V FRPPRQO\ XVHG WR DVVHVV WKH
















7KH DEVRUSWLRQ RI SKRVSKDWH IURP RUJDQLF FRPSRXQGV E\ PLFUR-RUJDQLVPV DQG
SODQWV LV FDWDO\VHG E\ WKH HQ]\PH SKRVSKDWDVH ,I FRQFHQWUDWLRQV RI K\GURFDUERQ
FRQWDPLQDQWV DUH KLJK LQ WKH VRLO SKRVSKDWH LV NQRZQ WR EH D OLPLWLQJ QXWULHQW IRU
PLFURELDOJURZWKGXULQJELRUHPHGLDWLRQ85/KHQFHFRQFHQWUDWLRQVRISKRVSKDWDVH
PD\ EH ORZ ,Q WKH ILHOG RI ELRUHPHGLDWLRQ LW KDV EHHQ XVHG WR GHWHUPLQH ZKHQ




'HK\GURJHQDVH HQ]\PHV DUH YLWDO LQ WKH R[LGDWLRQ RI RUJDQLF PDWWHU LQ WKDW WKH\










DV ZHOO DV WKH OHYHO RI R[\JHQ XSWDNH LQ WKH VRLO FDQ DOO GLFWDWH WKH UDWH RI VRLO
UHVSLUDWLRQ 




ELRSLOHV DORQJ ZLWK73+ SHUFHQWDJH GHJUDGDWLRQ7KH UHVXOWV VXJJHVWHG WKDW WKHUH
ZDVELRORJLFDODFWLYLW\LQVLGHWKHELRSLOHVFRQILUPLQJWKHVXFFHVVIXODGDSWDWLRQRIWKH
LQRFXODWHG EDFWHULD LQ WKH VRLO ZKLFK LPSURYHG WKH HIILFLHQF\ RI K\GURFDUERQ
GHJUDGDWLRQ 
-RUJHQVHQHWDO HYDOXDWHGWKUHHGLIIHUHQWFRPSRVWLQJ WUHDWPHQWVXVLQJEDUN











QRUPDOO\ FDUULHG RXW LQ RUGHU WR GHWHUPLQH ERWK WKH QXPEHUV DQG W\SHV RI
PLFURRUJDQLVPVSUHVHQW LQWKHVRLO7KH\FDQEHXVHGWRGLVWLQJXLVKEHWZHHQIXQJL
EDFWHULDDQGDFWLQRP\FHWHV0F0DKRQHWDO 
'XULQJ ELRUHPHGLDWLRQ WKH LGHQWLILFDWLRQ RIK\GURFDUERQ GHJUDGLQJ EDFWHULD WKURXJK
PLFURELDO FRXQWV FDQ SURYLGH XVHIXO NQRZOHGJH RQ VRLO ELRORJLFDO DFWLYLWLHV DQG WKH
H[WHQW WR ZKLFK WKH LQGLJHQRXV PLFURELDO SRSXODWLRQV KDYH DFFOLPDWHG WR WKH VLWH
FRQGLWLRQV%DOEDHWDO7KHFRXQWVZLOODOVRVKRZLIWKHVRLOVKDYHLQGLJHQRXV
PLFURELDOSRSXODWLRQVZLWK WKHSRWHQWLDO WRVXSSRUW WKHELRUHPHGLDWLRQSURFHVV7KH
JURZWK PHGLD PRVW RIWHQ XVHGDUH PLQHUDODJDU PDOW DJDU FKHODWH PLQHUDO PHGLD
DQG5$DJDU 
7KH ILHOG RI ELRUHPHGLDWLRQ LV H[SDQGLQJ DQG RYHU WKH SDVW GHFDGH SURJUHVV KDV
EHHQPDGH LQ WHUPVRI WKH LGHQWLILFDWLRQRI WKHYDULRXVEDFWHULDJHQHUDFDSDEOHRI
GHJUDGLQJK\GURFDUERQFRPSRXQGVDW WKH ILHOGVFDOH6LPDUURHWDO VWXGLHG
WKH GHFRQWDPLQDWLRQ RI FUHRVRWH FRQWDPLQDWHG VRLO WKURXJK PLFURFRVP DVVD\V
HYDOXDWLQJ FKDQJHV LQ WKHEDFWHULD FRPPXQLW\ DQG WR[LFLW\7KH\ FKDUDFWHULVHG WKH




PLFURELDO FRPPXQLWLHV 1XFOHLF DFLG EDVHG PROHFXODU WHFKQLTXHV IRU ILQJHUSULQWLQJ
WKH 6 ULERVRPDO '1$ RI EDFWHULD FHOOV IRU WKH GHWHFWLRQ GHVFULSWLRQ DQG
HQXPHUDWLRQ RI EDFWHULDO WDUJHWV KDV JDLQHG ZLGH DWWHQWLRQ LQ PRGHUQ PLFURELDO
HFRORJ\0RUDOHVDQG+ROEHQDQGWKLVDSSURDFKLVVRPHWLPHVIROORZHGE\WKH




WHFKQLTXH SURYLGHV WKH RSSRUWXQLW\ IRU SHWUROHXP PL[WXUHV WR EH IUDFWLRQDWHG E\
FKURPDWRJUDSK\7KHWHFKQLTXHVKDYHEHHQXVHGWRPRQLWRUWKHGLVWULEXWLRQSDWWHUQ
 ? ? 
 
RI SHWUROHXP K\GURFDUERQV DQDO\VLV RI VRXUFH-VSHFLILF PDUNHU FRPSRXQGV
GLDJQRVWLFUDWLRVRIVSHFLILFRLOFRQVWLWXHQWV:DQJHWDODQGGHWHUPLQDWLRQRI
73+OHYHOVLQWKHVRLO0RUHLUDHWDO7KHUHDUHDYDULHW\RIWHFKQLTXHVXVHGWR
VFUHHQ VRLOV FRQWDPLQDWHG ZLWK K\GURFDUERQV LQFOXGLQJ GLHVHO 3$+¶V DQG RWKHU
SHWUROHXP FRQVWLWXHQWV KRZHYHU WKH XVH RI FKURPDWRJUDSK\ KDV EHFRPH SRSXODU
7KLV WHFKQLTXH HQWDLOV WKH VHSDUDWLRQ RI FRPSRQHQWV LQ D PL[WXUH E\ SDUWLWLRQLQJ
EHWZHHQ D PRELOH SKDVH DQG VWDWLRQDU\ SKDVH 7KH W\SHV RI FKURPDWRJUDSK\
FRPPRQO\XVHGWRVFUHHQRUPHDVXUHK\GURFDUERQFRQVWLWXHQWVDUH 
*DVFKURPDWRJUDSK\*& 
7KLV LV D PHWKRG IRU VHSDUDWLQJ D PL[WXUH RI FRPSRXQGV E\ SDUWLWLRQLQJ WKH
FRPSRQHQWV EHWZHHQ D IORZLQJ JDV PRELOH SKDVH DQG QRQ-YRODWLOH OLTXLG SKDVH




*& KDV GHWHFWRUV VXFK DV WKH IODPH LRQLVDWLRQ GHWHFWRU ),' ZKLFK LV XVHG WR





PDVV VSHFWURPHWHU WR GHWHFW WKH FRPSRQHQWV VHSDUDWHG LQ WKH FROXPQ ,W FDQ EH
XVHG WR PHDVXUH D VDPSOH LQ RUGHU WR GHWHUPLQH WKH SDWWHUQ UHSUHVHQWLQJ WKH
GLVWULEXWLRQ RI FRPSRQHQWV DWRP-PROHFXOHV E\ PDVV PDVV WR FKDUJH UDWLR 7KH
06 WHFKQLTXH RSHUDWHV E\ ERPEDUGLQJ D VDPSOH ZLWK HOHFWURQV ZLWKLQ D FKDPEHU
XQGHU YDFXXP 7KHQ WKH PROHFXOHV RI WKH FRPSRXQGV EHFRPH SRVLWLYHO\ FKDUJHG




2WKHU DGYDQFHG PHWKRGV IRU DQDO\VLQJ K\GURFDUERQ FRQVWLWXHQWV DUH LQIUDUHG
VSHFWURVFRS\,5VXSHUFULWLFDOIOXLGFKURPDWRJUDSK\6)&XOWUDYLROHWLVRWRSHUDWLR






,Q WKH ELRUHPHGLDWLRQ SURFHVV WKH FRQFHQWUDWLRQ LV XVXDOO\ FDOFXODWHG DV D
SHUFHQWDJHRIGHJUDGDWLRQ%HQWRHWDO8VLQJFKHPLFDODQDO\VLVWRPHDVXUH
K\GURFDUERQV LQ VRLOZRXOGEHDVD UHVXOWRIGHJUDGDWLRQ WKDW LVH[SHFWHG WRRFFXU
GXULQJWKHELRUHPHGLDWLRQSURFHVV 
+RZHYHULQDQDWWHPSWWRDFFHOHUDWHWKHGHJUDGDWLRQRIWKHELRUHPHGLDWLRQSURFHVV
QXWULHQWV FRXOG EH DGGHG WR DXJPHQW WKH SURFHVV DQG ELR-ZDVWH FRXOG EH DGGHG
$ELR\H HW DO  8VLQJ ZDVWH LQ WKLV PDQQHU ZLOO GLUHFW WKH IORZ RI ERWK
KD]DUGRXVDQGELRGHJUDGDEOHZDVWHV IURP ODQGILOO WRDVXVWDLQDEOH UHXVHDQGRIIHU






LV VHHQ WR EH LQFRQJUXHQW ZLWK VXVWDLQDELOLW\ SULQFLSOHV 7KH FXUUHQW FRQVXPSWLRQ
OHYHOV FRXOG EH DVFULEHG WR D VLJQLILFDQW SURSRUWLRQ RI JUHHQKRXVH JDV HPLVVLRQV
HPDQDWLQJ IURP WKH XVH RI QRQ-UHQHZDEOH UHVRXUFHV HQHUJ\ DQG ZDWHU :5$3




7KH8.JRYHUQPHQWDSSURDFKRI WKHZDVWHKLHUDUFK\ LVD VWUDWHJ\GLUHFWHG WRDOO
SDUWV RI VRFLHW\ IURP EXVLQHVVHV UHWDLOHUV FRQVXPHUV ORFDO DXWKRULWLHV DQG WKH




 ? ? 
 
,Q WKH8.ZDVWHJHQHUDWLRQ UXQV LQWRPLOOLRQ WRQQHV UDQJLQJ IURPKRXVHKROG
FRPPHUFH DQG LQGXVWU\ DQG PRVW RI WKH ZDVWH HQGV XS LQ D ODQGILOO ZKHUH WKH
ELRGHJUDGDEOHSDUWJHQHUDWHVPHWKDQHDSRWHQWJUHHQKRXVHJDV85/ 




DPRXQWRIZDVWHVHQW WR ODQGILOORIDQGRI OHYHOVUHVSHFWLYHO\
(&7KH'LUHFWLYHWDUJHWHGKDUPIXODQGELRGHJUDGDEOHZDVWHZKLFKQRUPDOO\
UHVXOWVLQHPLVVLRQVRIJUHHQKRXVHJDVHVLQFOXGLQJPHWKDQHDQGFDUERQGLR[LGH 
7KH ZDVWH KLHUDUFK\ EHVWRZV UHVSRQVLELOLW\ WR YDULRXV VWDNHKROGHUV LQ WKH ZDVWH
PDQDJHPHQWLQGXVWU\LQFOXGLQJWKHIROORZLQJ 
3UHYHQWLRQPHWKRG:KLOVW ORFDODXWKRULWLHV FDQQRW VWRSFRQVXPHUVRU UHWDLOHUV
IURP JHQHUDWLQJ ZDVWH EXVLQHVVHV RU PDQXIDFWXUHUV FDQ EXLOG UHVRXUFH HIILFLHQF\




EHQHILWV 'HIUD  ,Q WKH 8. WKHUH DUH YDOXH GULYHQ RUJDQLVDWLRQV VXFK DV
YROXQWDU\ DQG FRPPXQLW\ RUJDQLVDWLRQV FKDULWLHV FRRSHUDWLYHV DQG VRFLDO




WKH ZDVWH PDQDJHPHQW LQGXVWU\ WR UHGXFH ZDVWH JRLQJ WR ODQGILOO ,Q WKH ZDVWH













ERWWOHV DQG SDSHUV7KH UHVSRQVLELOLW\ WR PDLQWDLQ WKH UHF\FOLQJ IDFLOLWLHV UHVWV ZLWK
WKHORFDODXWKRULW\ZKLFKLQDGGLWLRQPXVWSURYLGHDFRQYHQLHQWUHF\FOLQJVHUYLFHIRU
KRXVHKROG DQG FRPPHUFLDO FXVWRPHUV ,Q RUGHU WR DFKLHYH WKLV WKH ORFDO DXWKRULW\
PXVW LQYHVW LQQHZLQIUDVWUXFWXUHDQGSURYLGHORFDO OHDGHUVKLSDQGPDQDJHPHQWIRU
ZDVWH ,I D ZDVWH LV QRW UH-XVHG RU UHF\FOHG WKHQ LW FRXOG EH FRPSRVWHG DV DQ
DOWHUQDWLYH WR ZDVWH WKDW FDQQRW EH SK\VLFDOO\ UHF\FOHG EDFN WR WKH V\VWHP
&RPSRVWLQJ RI PDWHULDOV FRXOG WDNH WKH IRUP RI DQDHURELF DQG DHURELF EUHDNGRZQ
'HIUD  *UHHQ ZDVWH FRPSRVWLQJ LV VHHQ DV D VROXWLRQ WR WKH SUREOHP RI
PLWLJDWLQJELRGHJUDGDEOHZDVWHYROXPHVDQG WRJHQHUDWH LQFRPH IURP WKHVDOHVRI
FRPSRVW PDWHULDOV 3UREHUW HW DO  FLWHG LQ 0F0DKRQ HW DO  &RPSRVW
PDWHULDOV KDYH EHFRPH SRWHQWLDOO\ XVHIXO LQ D ZLGH UDQJH RI DSSOLFDWLRQV VXFK DV
ODQG UHFODPDWLRQ DJULFXOWXUH WRS VRLO PDQXIDFWXULQJ KRUWLFXOWXUH DQG KRPH
JDUGHQLQJ0F0DKRQHWDO 
 (QHUJ\ UHFRYHU\ ZDVWH JHQHUDWLRQ LV XQDYRLGDEOH EXW WKHPDWHULDOV VKRXOG EH
VHHQDVUHXVDEOHUHVRXUFHV:DVWHVXFKDVIHHGVWRFNPLQHUDOVRUJDQLFPDWWHUDQG
QXWULHQWV FDQ EH XVHG IRU HQHUJ\ UHFRYHU\ 86 (3$ D7KH PRVW FRPPRQ
VRXUFH RI HQHUJ\ UHFRYHU\ LV WKURXJK LQFLQHUDWLRQ DQG WKH FDSWXUH RI PHWKDQH
JHQHUDWHGDW ODQGILOO VLWHV ,QFLQHUDWLRQKDVEHFRPHSRSXODU LQPRVW(8 FRXQWULHV
GXHWRLWLWVHQHUJ\UHFRYHU\DELOLW\'LMNUDDIDQG9ROOHEHUJK,QFLQHUDWLRQLVWKH
FRQWUROOHG EXUQLQJ RI ZDVWH DW KLJK WHPSHUDWXUHV 7KH RUJDQLF FRQVWLWXHQWV LQ WKH
ZDVWH DUH UHOHDVHG DV H[KDXVW JDV DQG WKH PLQHUDO PDWWHU LV OHIW DV UHVLGXDO DVK
'LMNUDDIDQG9ROOHEHUJK ,QDGGLWLRQ ODQGILOO JDVFRXOGEHXVHG WRJHQHUDWH
HOHFWULFLW\WKURXJKWKHSURGXFWLRQRIPHWKDQH 
 'LVSRVDO PHWKRG 7KH (8 ODQGILOO GLUHFWLYH VHW WKUHVKROGV WKDW E\  WKH
DPRXQWRIELRGHJUDGDEOHZDVWHJRLQJWRODQGILOOVKRXOGEHFXWWRRIWKHDPRXQW
SURGXFHG LQ  DQG E\  WKLV VKRXOG EH UHGXFHG WR  DQG E\  WKLV
 ? ? 
 
DPRXQW VKRXOG EH IXUWKHU UHGXFHG WR  'HIUD  &XUUHQWO\ WKH ILQDO ZDVWH
GLVSRVDOPHWKRGLVVWLOOGRPLQDWHGE\ODQGILOOGHVSLWHUHJLRQDODQGQDWLRQDOUHJXODWLRQ
WR FXUWDLO LWV SRSXODULW\ ,W LV RIWHQ FRQVLGHUHG WR EH WKH ZRUVW RSWLRQ DPRQJVW WKH
ZDVWHKLHUDUFK\GXHWR LWVXVHRIVSDFHKLJKULVNRI OHDNDJHVWRDLUZDWHUDQGVRLO




WKH W\SHRIZDVWHDULVLQJ IURPYDULRXVVRXUFHV&RQVHTXHQWO\ WKHVHFODVVLILFDWLRQV
ZLOOGLIIHUJUHDWO\ LQ WKHLUHFRQRPLFSRWHQWLDOV WKHLU SUHIHUUHGGLVSRVDOPHWKRGVXFK
DVSUHYHQWLRQUHGXFWLRQUHF\FOHDQGWKHLUILQDOGHVWLQDWLRQ'HIUD,QWKH8.




ROG PDFKLQHU\$JULFXOWXUDO ZDVWH LQFOXGHV D UDQJH RI ZDVWH VWUHDPV WKDW RULJLQDWH
IURPDJULFXOWXUHRUKRUWLFXOWXUHHVWDEOLVKPHQWV 
+D]DUGRXVZDVWH7KLV LVDZDVWH WKDWFRQWDLQVKD]DUGRXVSURSHUWLHV WKDWPD\
FDXVH KDUP WR KXPDQ KHDOWK RU WKH HQYLURQPHQW 7KHVH LQFOXGH ZDVWHV UHVXOWLQJ
IURP H[SORUDWLRQ PLQLQJ TXDUU\LQJ SK\VLFDO DQG FKHPLFDO WUHDWPHQW RI PLQHUDOV
2WKHUVDUHZDVWHIURPDJULFXOWXUHVXFKDVKRUWLFXOWXUHDTXDFXOWXUHIRUHVWU\KXQWLQJ
ILVKLQJ DQG IRRG SUHSDUDWLRQ DQG SURFHVVLQJ ,Q DGGLWLRQ ZDVWH IURP ZRRG
SURFHVVLQJ VXFK DV SURGXFWLRQ RI SDQHO DQG IXUQLWXUH SXOS DQG SDSHU FDUGERDUG



















%6* LVD QRQ-KD]DUGRXV ZDVWH IURP WKH SURGXFWLRQRI DOFRKROLFDQGQRQ-DOFRKROLF
EHYHUDJHV :5$3  7KH FRGH IRU %6* LQ WKH (XURSHDQ :DVWH &DWDORJXH
(:& LV    DQG LW FRPHV XQGHU ZDVWH IURP RUJDQLF FKHPLFDO SURFHVVHV
:5$3 ,Q WKH8. LW LVVROGDVDQDQLPDOIHHGVWXIIDVDE\-SURGXFWEXW LQ
H[FHVV LW ZLOO JR WR ODQGILOO KHQFH LQ VRPHFLUFXPVWDQFHV LW FRXOG FRQVLGHUHG DV D
ZDVWH,QRWKHUSDUWVRIWKHZRUOGVXFKDV$VLDLWJRHVWRODQGILOODVDZDVWHSURGXFW
0XVVDWWRHWDO 
,Q WKH VWXG\ UHSRUWHG KHUH LW ZLOO EH XVHG WR HYDOXDWH WKH SRWHQWLDO IRU WKH XVH RI
ELRGHJUDGDEOHZDVWHVLQELRUHPHGLDWLRQEHFDXVHLWZDVUHDGLO\DYDLODEOH,QDGGLWLRQ
%6* ZLOO DOVR EH XVHG WR HYDOXDWH WKH FRQFHSW RI XVLQJ RUJDQLF ZDVWH LQ WKH









ZDVWH SURGXFWV LV XQDYRLGDEOH /HYLF HW DO 7KH DQQXDO ZRUOG SURGXFWLRQ RI
EHHU LVDERXWELOOLRQKHFWROLWUHVDQG LW LV UHJDUGHGDV WKH ILIWKPRVWFRQVXPHG
EHYHUDJHLQWKHZRUOGDIWHUWHDFDUERQDWHVPLONDQGFRIIHH)LOODXGHDXHWDO
 ? ? 
 
7KH(8DUHNQRZQ WRSURGXFHPLOOLRQ WRQQHVRI%6*HYHU\ \HDUDQG WKH8.
SURGXFHVRYHUPLOOLRQWRQQHVRIWKLVE\-SURGXFWDQQXDOO\6WRMFHVNDHWDO 
%6*LVRIDKLJKQXWULWLYHYDOXHDQGFRQWDLQVFHOOXORVHKHPLFHOOXORVHVDQGOLJQLQZLWK
D KLJK SURWHLQ FRQWHQW ZKLFK YDULHV DFFRUGLQJ WR LWV FRQVWLWXHQWV %6* LV D
KHWHURJHQHRXV PDWUL[ FRPSULVLQJ RI D PL[WXUH RI EDUOH\ JUDLQ KXVN SHULFDUS DQG
IUDJPHQWVRIHQGRVSHUP)RUVVHOOHWDO,WLVWKHPDLQE\-SURGXFWJHQHUDWHGLQ




WKH VWDUFK LV UHPRYHG DQG WKH SURWHLQ ZLWK RWKHU FRPSRQHQWV EHFRPH PRUH





PDWHULDOV XVHG DQG WKH SURFHVVLQJ PHWKRG DSSOLHG )RUVVHOO HW DO  %6*
FRQWDLQV  RI SURWHLQ  RI SHQWRVDQV  RI OLJQLQ  VWDUFK DQG E-
JOXFDQVRIFHOOXORVHRIOLSLGDQGRIDVK3UHQWLFHDQG5HIVJXDUG










 ? ? 
 
ŽŵƉŽŶĞŶƚƐ 
 ?A?ĚƌǇǁĞŝŐŚƚ ? 
<ĂŶĂƵĐŚŝĞƚ
Ăů ? ? ? ? ? ? ? ? 
ZƵƐƐĞƚ
Ăů ?
 ? ? ? ? ? ? 
DƵƐƐĂƚƚŽĂŶĚ
ZŽďĞƌƚŽ ? ? ? ? ? ? 
DƵƐƐĂƚƚŽĞƚ
Ăů ? ? ? ? ? ? ?
ĚĞŶŝƌĂŶĞƚ
Ăů ? ? ? ? ? ? ?
<ŚŝĚǌŝƌĞƚĂů ?
 ? ? ? ? ? ? 
ĞůůƵůŽƐĞ  ? ? ? ?  ? ?- ? ?  ? ? ? ?  ? ? ? ? - - 
,ĞŵŝĐĞůůƵůŽƐĞ -  ? ?- ? ?  ? ? ? ?  ? ? ? ? - - 
ůŝŐŶŝŶ  ? ? ? ?  ? ? ?-   ? ? ? ?  ? ? ? ? - - 
WƌŽƚĞŝŶƐ  ? ?  ? ?- ? ?  ? ? ? ? -  ? ? ?  ? ? ? 
ƐŚĞƐ  ? ? ?  ?- ? ? ?  ? ? ?  ? ? ?  ? ? ?  ? ? ? 
ǆƚƌĂĐƚŝǀĞƐ - -  ? ? ? - - - 
KƚŚĞƌƐ  ? ? ? ? - -  ? ? ? ? - - 
ĂƌďŽŚǇĚƌĂƚĞƐ - - - -  ? ? ? - 
ƌƵĚĞĨŝďƌĞ - - - -  ? ? ? - 
DŽŝƐƚƵƌĞĐŽŶƚĞŶƚ - - - - - - 
>ŝƉŝĚ  ? ? ? ? - - - -  ? ? ? 
ĐŝĚĚĞƚĞƌŐĞŶƚ
ĨŝďƌĞ 
- - - - -  ? ? ? ? 
dŽƚĂůĐĂƌďŽŶ ?A? ? - - - - -  ? ? ? ? 
dŽƚĂůŶŝƚƌŽŐĞŶ ?A? ? - - - - -  ? ? ? ? ?
 
dĂďůĞ ? ? ? PŚĞŵŝĐĂůĐŽŵƉŽƐŝƚŝŽŶŽĨ^'ĂƐƌĞƉŽƌƚĞĚŝŶƚŚĞĐŽŵƉŝůĂƚŝŽŶŽĨůŝǇƵĂŶĚĂůĂ ? ? ? ? ? ? 
'XHWRWKHFKHPLFDOFRPSRVLWLRQDQGLWVYDULHGDWWULEXWHV%6*KDVEHHQIRXQGWREH
XVHIXO LQPDQ\ILHOGV LQFOXGLQJDJULFXOWXUHDVDQLPDO IHHGV  LQ WKH IRRG LQGXVWU\DV
YDOXH-DGGHGFRPSRXQGVVXFKDV[\OLWULFDQG ODFWLFDFLGDPRQJVWRWKHUV $OL\XDQG
%DOD  DQG EHFDXVH RI LWV ILEUH ULFK DQGSURWHLQ ULFK IORXU LW FDQ EH XVHG DV
LQJUHGLHQWLQEDNLQJ)RUPXODWHGIRRGVDUHGHULYHGE\JULQGLQJDQGVLIWLQJRIGU\%6*
&KDXGKDU\DQGZHEHU,WFDQDOVREHXVHGIRUPLFURRUJDQLVPFXOWLYDWLRQRUDV
D UDZ PDWHULDO IRU H[WUDFWLRQ RI FRPSRXQGV VXFK DV VXJDU SURWHLQ DFLGV DQG
DQWLR[LGDQWV$OL\XDQG%DOD$SDUWIURPLWVXVHIXOQHVVLQKXPDQQXWULWLRQDQG
DQLPDO IHHGV LW FRXOG VHUYH DV DOWHUQDWLYH LQ ELRWHFKQRORJLFDO SURFHVVHV DQG IRU
HQHUJ\SURGXFWLRQ0XVVDWWRHWDODQGLWVXVHIRUWKHJHQHUDWLRQRIELRJDVRU
GLUHFW FRPEXVWLRQ DUH FXUUHQWO\ EHLQJ LQYHVWLJDWHG .HOOHU-5HLQVSDFK  ,Q
 ? ? 
 
DGGLWLRQ%6*SRVVHVVHVQXWULHQWVVXFKDVQLWURJHQSKRVSKRUXVDQGSRWDVVLXP1
3 . ZKLFK DUH OLPLWLQJ QXWULHQWV LQ K\GURFDUERQ FRQWDPLQDWHG VRLO DQG WKHVH DUH
LPSRUWDQW HOHPHQWV IRU VRLO DPHQGPHQW DQG ZRXOG EH FULWLFDO LI XVHG IRU
ELRUHPHGLDWLRQ 
%6*DVD%LR-ZDVWH 
%6* FRXOG EH FODVVLILHG DV DQ LQGXVWULDO ZDVWH DFFRUGLQJ WR WKH FODVVLILFDWLRQ E\
'HIUD 7KH (QYLURQPHQW $JHQF\  GHVFULEH ELR-ZDVWH DV WKH ELRGHJUDGDEOH
FRPSRQHQWV RI PXQLFLSDO ZDVWH LQFOXGLQJ RUJDQLF LQGXVWULDO ZDVWH $OWKRXJK %6*
FRXOGEHSXWWRPDQ\XVHVLWKDVUHFHLYHGOLWWOHDWWHQWLRQDVDPDUNHWDEOHFRPPRGLW\
GHVSLWH EHLQJ SURGXFHG LQ ODUJH TXDQWLWLHV ,WV GLVSRVDO LV RIWHQ DQ HQYLURQPHQWDO
SUREOHP 0XVVDWWR HW DO  %UHZHU\ E\-SURGXFWV LQFOXGLQJ %6* DUH XVXDOO\
GLVSRVHGRIWRODQGILOOZKHUHWKHRUJDQLFFDUERQLVFRQYHUWHGLQWRFDUERQGLR[LGHDQG
PHWKDQH0XVVDWWRHWDO 
7KHUH DUH QXPHURXV UHSRUWV RQ WKH XVH RI ELRGHJUDGDEOH ZDVWH WR DXJPHQW ODQG
FRQWDPLQDWLRQLQWKHILHOGRIELRUHPHGLDWLRQDQGLWKDVEHHQSURYHGWREHVXFFHVVIXO
IRUWKHELRUHPHGLDWLRQRIFRQWDPLQDWHGVRLOVVHH$GHVRGXQDQG0EDJZXHWDO
+LFNPDQ DQG 5HLG  DQG /LHEHJ DQG &XWULJKW  DQG -RUJHQVRQ HW DO
7KLV WHFKQLTXHEHFRPHVSRSXODUEHFDXVHWKHSURGXFWSURYLGHVQXWULHQWV IRU
PLFURELDOJURZWKDQGKHQFHHQKDQFHVWKHEUHDNGRZQRIFRQWDPLQDQWVIURPWKHVRLO 
7KH FXUUHQW (XURSHDQ 8QLRQ GLUHFWLYHV WKDW GLYHUW WKH DPRXQW RI ELRGHJUDGDEOH
ZDVWHJRLQJWRODQGILOOFRXSOHGZLWKWKHODQGILOOWD[KDYHRSHQHGDQHZVSHFWUXPIRU
WKH DOWHUQDWLYH XVH RI ELRGHJUDGDEOH ZDVWH 7KLV VWXG\ ZLOO GLVFXVV WKH RSWLRQV
DYDLODEOH WRXWLOLVHELR-ZDVWH IRU ODQG UHPHGLDWLRQDQGFRQVLGHUKRZ WKHVHILW LQWRD
VXVWDLQDEOHHWKRVZLWKSDUWLFXODUHPSKDVLVRQ%6*7KHQH[WVHFWLRQRIWKLVOLWHUDWXUH




SUHVHQW ZLWKRXW MHRSDUGLVLQJ WKH DELOLW\ RI WKH IXWXUH JHQHUDWLRQ WR PHHW WKHLU RZQ
QHHGV:&('7KHFRQFHSWRIVXVWDLQDELOLW\FRXOGEHVHHQWREHSURGXFWRID
QDWLRQDO DJHQGD EHFDXVH LW HQFRPSDVVHV DOO DUHDV RI QDWLRQDO GHYHORSPHQW ,W
 ? ? 
 





VXVWDLQDELOLW\ ZLWK D EURDG-EDVHG JRYHUQPHQW VWUDWHJ\ EHLQJ LQFRUSRUDWHG LQWR WKH





DQG WKH UHVW RI WKH VRFLHW\ WR EHDVVHVVHG 0RRQ7KH 86 (3$GHYHORSHG
JXLGHOLQHV IRU SUHSDULQJ HFRQRPLF DQG HQYLURQPHQWDO DQDO\VLV RI DOO FRVWV DQG
EHQHILWVRISULYDWHRUSXEOLFSURMHFWVWKDWDIIHFWWKHHQYLURQPHQWLQFOXGLQJVRFLDOFRVWV
0RRQ  ,Q WKH 8. VWUDWHJ\ IRU VXVWDLQDEOH GHYHORSPHQW JXLGHOLQHV KDYH
EHHQSURSRVHGE\+0WUHDVXU\QRUPDOO\UHIHUUHGWRDVWKHµ*UHHQ%RRN¶7KHERRNLV
WKH EHVW JXLGH IRU DOO JRYHUQPHQWDO GHSDUWPHQWV DQG H[HFXWLYH DJHQFLHV DQG
LQFOXGHVSURMHFWVRIDOOW\SHVDQGVL]HV+07UHDVXU\7KHJRDOLVWRSURPRWH
HIILFLHQW UHVRXUFH DOORFDWLRQ RI DQ\ SURSRVHG JRYHUQPHQW SURMHFW DQG WDNH LQWR
FRJQL]DQFHRIWKHZLGHUVRFLDOLPSOLFDWLRQVRIWKHSURSRVDO 
7KH8.VWUDWHJ\IRUVXVWDLQDEOHGHYHORSPHQWKDVDQDLPRISURYLGLQJJRRGTXDOLW\
RI OLIH IRUSUHVHQWDQG IXWXUHJHQHUDWLRQVZLWKREMHFWLYHVRIPDLQWDLQLQJDKLJKDQG
VWDEOH OHYHO RI HFRQRPLF JURZWK ZLWKRXW FRPSURPLVLQJ WKH VRFLDO SURJUHVV DQG
HIIHFWLYH SURWHFWLRQ RI WKH HQYLURQPHQW ,Q RWKHU (XURSHDQ FRXQWULHV VXFK DV




DQG QDWLRQDOO\ WR SURWHFW KXPDQ KHDOWK DQG WKH HQYLURQPHQWV )RU H[DPSOH WKH
8QLWHG 1DWLRQ )UDPHZRUN &RQYHQWLRQ RQ &OLPDWH &KDQJH 81)&&& DQG .\RWR
SURWRFROKDYHHVWDEOLVKHGDIUDPHZRUNZLWKLQZKLFKPDQ\FRXQWULHVFDQWDNHDFWLRQ
WR PLWLJDWH WKH HIIHFWV RI *UHHQKRXVH JDV *+* HPLVVLRQV 7KH FRXQWULHV WKDW
 ? ? 
 
VLJQHGXSWRWKH.\RWRDJUHHPHQWKDYHFRPPLWWHGWRDGRPHVWLFDQGQDWLRQDOJRDO
E\ GHYHORSLQJ DQG SURPRWLQJ LQLWLDWLYHV WKDW ZLOO OLPLW WKH YROXPH RI JUHHQKRXVH
JDVHVHPLWWHGJLYHQWKHWDUJHWVVHWE\WKH.\RWRDJUHHPHQW 
,Q DGGUHVVLQJ WKH WKUHH VWUDQGV RI VXVWDLQDELOLW\ WKHUH LV D QHHG IRU HIILFLHQW









DWWUDFWHG DWWHQWLRQ IURP UHPHGLDWLRQ SUDFWLWLRQHUV 2ZVLDQLDN  ,Q WKH 8.
WKHUH KDV EHHQ OLWWOH ZRUN RQ WKH UHODWLYH VXVWDLQDELOLW\ RI UHPHGLDWLRQ WHFKQLTXHV
EDVHGRQWKHHYDOXDWLRQRIWKHLUZLGHUHQYLURQPHQWDOLPSDFWV+DUERWWOHHWDO
7KHREMHFWLYHVRIVXVWDLQDEOH UHPHGLDWLRQ LV WRDFKLHYH UHPHGLDOJRDOVXVLQJPRUH




DSSURDFK IRU LGHQWLI\LQJ DQG HYDOXDWLQJ WKH VXVWDLQDELOLW\ LPSDFWV RI UHPHGLDWLRQ
DFWLRQV DV GLIIHUHQW WRROV IRFXV RQ GLIIHUHQW HOHPHQWV RI VXVWDLQDELOLW\ 7KHULYHO
7KXVPRVWUHPHGLDWLRQPHWKRGVHQWDLODZLGHUDQJHRIDFWLYLWLHVWKDWUHVXOWLQ
HQYLURQPHQWDOVRFLDODQGHFRQRPLF LPSDFWV ,Q WKHSDVW WKHPRVWREYLRXV LPSDFWV
DUH FRVW DQG GXUDWLRQ DQG WKLV LQIRUPV WKH FKRLFH RI DSSURSULDWH WHFKQRORJ\
+DUERWWOHHWDO 
,Q WKH 8. DVVHVVPHQW RI HFRQRPLF VRFLDO DQG HQYLURQPHQWDO LPSDFWV RI
UHPHGLDWLRQ LV XQGHUWDNHQ E\ DQ LQWHU-JRYHUQPHQW DJHQF\ XQGHU WKH DXVSLFHV RI
0LQLVWU\ RI (QYLURQPHQW 3ROLFLHV DQG JXLGHOLQHV IRU DVVHVVLQJ HQYLURQPHQWDO
SURMHFWV DUH GLUHFWHG E\ WKH 'HSDUWPHQW RI (QYLURQPHQW )RRG DQG 5XUDO $JHQF\




GDWD LQFOXGLQJ VXVWDLQDEOH LQGLFDWRUV 7KH LQFRUSRUDWLRQ RI DOO HOHPHQWV RI
VXVWDLQDELOLW\ LQWR GHFLVLRQ PDNLQJ GXULQJ VLWH LQYHVWLJDWLRQ RSHUDWLRQ RI WUHDWPHQW
V\VWHPVPRQLWRULQJRIWUHDWPHQWSURFHVVHVDQGSURJUHVVDQGSRVWUHPHGLDWLRQDUH
LQFUHDVLQJO\ EHLQJ SURPRWHG E\ WKH UHOHYDQW JRYHUQPHQWDO ERG\ )RU H[DPSOH WKH
(QYLURQPHQW $JHQF\ KDV SURGXFHG JXLGDQFH RQ WKH VHOHFWLRQ RI UHPHGLDWLRQ
PHWKRGV ZKLFK DOORZV WKH HYDOXDWLRQ RI WKH HIIHFWV RQ VRLO ZDWHU DLU DQG
HFRV\VWHPVDVDUHVXOWRIUHPHGLDWLRQSURFHVVHV3RVWOHHWDO 
7KHUHDUHYDULHWLHVRI WRROVXVHG WRHYDOXDWH WKH LPSDFWVRUDFWLRQVRI UHPHGLDWLRQ
PHWKRGV DQG GLIIHUHQW WRROV DUH GHVLJQHG WR GHDO ZLWK WKH GLIIHUHQW DVSHFWV RI
VXVWDLQDELOLW\ 7KHULYHO  +RZHYHU WKHUH LV QR VLQJOH WRRO RU DSSURDFK IRU
LGHQWLI\LQJ DQG HYDOXDWLQJ WKH VXVWDLQDELOLW\ LPSDFWV RI DQ\ UHPHGLDWLRQ PHWKRG
UDWKHUDQ\WRROVKRXOGSURYLGHGHFLVLRQPDNHUVZLWKLQIRUPDWLRQRQKRZWRPLQLPL]H
DQ\QHJDWLYHLPSDFWVRUUHMHFWDQ\DFWLRQVZLWKVLJQLILFDQWLPSDFWV7KLHULYHO
&RPPRQO\ XVHG WRROV LQ WKH 8. DQG HOVHZKHUH DUH FRVW DQG EHQHILW DQDO\VLV
HQYLURQPHQWDO LPSDFW DVVHVVPHQW FRVW-HIIHFWLYH DQDO\VLV PXOWL-FULWHULD DQDO\VLV
VXVWDLQDELOLW\DQDO\VLVDQG OLIHF\FOHDQDO\VLV ($&/$,5(+LHVWHUHW
DO0RRQ2ZVLDQLDNHWDO6X5)-8.DQG7KHULYHO
7KH DGRSWLRQ RI DQ\ RI WKHVH WHFKQLTXHV VKRXOG UHFRJQLVH DOO WKH HPEUDFLQJ
FRQFHSWVRIWKHWKUHHVWUDQGVRIVXVWDLQDELOLW\RWKHUZLVHWKHDJHQGDZLOOIDOOVKRUWRI
LWVDPELWLRXVREMHFWLYH 
7KH LPSOHPHQWDWLRQ RI DQ\ UHPHGLDWLRQ WRRO ZLOO QHFHVVLWDWH WKH FROOHFWLRQ RI GDWD
FRYHULQJWKHIXOOUDQJHRIVXVWDLQDELOLW\LVVXHV'DWDFROOHFWLRQQRUPDOO\LQYROYHVWKH
XVHRI LQGLFDWRUVUHOHYDQWWRWKHUHPHGLDWLRQDFWLYLWLHV7KHQH[WVHFWLRQZLOOGLVFXVV




LV VWLOO LQ LWV LQIDQF\ LQ UHVSHFW RI PHDVXULQJ VXVWDLQDELOLW\ 'HIUD  &/$,5(
&RQWDPLQDWHG /DQG $SSOLFDWLRQ LQ 5HDO (QYLURQPHQW GHYHORSHG D UHPHGLDWLRQ
LPSDFWDVVHVVPHQW WRRORQKRZ WRPHDVXUH WKHVXVWDLQDEOHHOHPHQWVRIDSURMHFW
 ? ? 
 
7KHWRROLVDVSUHDGVKHHWWKDWVWDNHKROGHUVZLWKLQWKHUHPHGLDWLRQLQGXVWU\FDQXVH
WR DVVHVV VXVWDLQDELOLW\ RI GLIIHUHQW UHPHGLDWLRQ SURMHFWV 6X5)-8.  7KH
SDUDPHWHUV LQFOXGH SROOXWDQWV VXFK DV JUHHQKRXVH JDVHV DLU ZDWHU ZDVWH DQG
HQYLURQPHQWDODVSHFWVRIUHVRXUFHVDQGSHRSOH 
7KHUH LV QR VLQJOH XQLYHUVDOO\ DFFHSWDEOH PHWKRG RI TXDQWLI\LQJ WKH LPSDFWV RI
FRPSDQ\DFWLYLWLHVRQVXVWDLQDELOLW\(OOLVDQG+DUGOH\%XWWKH'HSDUWPHQWRI
(QYLURQPHQWDO 7UDQVSRUW DQG 5HJLRQV '(75 LQ WKH 8. SURYLGH LQGLFDWRUV WKDW
FDSWXUH WKH OLQN EHWZHHQ HFRQRP\ DQG HQYLURQPHQWDO SHUIRUPDQFH $FFRUGLQJ WR
'HIUD  WKHUH DUH  NH\ SHUIRUPDQFH LQGLFDWRUV IRU 8. EXVLQHVVHV WR
PHDVXUHWKHLUHQYLURQPHQWDOSHUIRUPDQFH7KHVHLQFOXGH 
D(PLVVLRQVWRDLU 
 ? *UHHQKRXVHJDVVHV 
 ? $FLGUDLQHXWURSKLFDWLRQDQGVPRJSURFHVV 
 ? 'XVWDQGSDUWLFXODWHV 
 ? 2]RQHGHSOHWLQJVXEVWDQFHV 
 ? 9RODWLOHRUJDQLFFRPSRXQGV 
 ? 0HWDOHPLVVLRQVWRDLU 
E(PLVVLRQVWRODQG 
 ? 3HVWLFLGHV 
 ? 0HWDOHPLVVLRQVWRODQG 
 ? $FLGVDQGRUJDQLFSROOXWDQWV 
 ? :DVWHODQGILOOLQFLQHUDWRUDQGUHF\FOLQJ 
 ? 5DGLRDFWLYHZDVWH 
F5HVRXUFHXVH 
 ? :DWHUXVHDQGDEVWUDFWLRQ 
 ? 1DWXUDOJDV 
 ? 2LO 
 ? 0HWDOV 
 ? &RDO 
 ? 0LQHUDOV 
 ? $JJUHJDWH 
 ? ? 
 
 ? )RUHVWU\ 
 ? $JULFXOWXUH 
7KHVH DUH TXDQWLILDEOH PHWULFV WKDW UHIOHFW WKH HQYLURQPHQWDO SHUIRUPDQFH RI WKH
HFRQRP\)RU VWDNHKROGHUVZKRZDQW WRPHDVXUH WKHLU HQYLURQPHQWDOSHUIRUPDQFH
WKH DSSURSULDWH XVH RI WKHVH WRROV LQ DOLJQPHQW ZLWK UHFRJQLVHG JXLGHOLQHV DQG
IUDPHZRUNVZLOOGHPRQVWUDWHDSURJUHVVWRZDUGVXVWDLQDEOHGHYHORSPHQW 
7KHVH VHW RI JXLGHOLQHV DUH UHIHUUHG WR DV µ+HDGOLQH¶ LQGLFDWRUV RI VXVWDLQDEOH
GHYHORSPHQW ZKLFK LQFUHDVH WKH HPSKDVHV RQ VRFLDO LPSOLFDWLRQ RI HQYLURQPHQWDO
SURMHFWV 7KH SXUSRVH RI DQ\ HQYLURQPHQWDO DSSUDLVDO LV QRW RQO\ WR HVWLPDWH WKH




7UDQVSRUW DQG 5HJLRQV LQ FRQMXQFWLRQ ZLWK LWV LQWHU-JRYHUQPHQW DJHQF\ IRU PDQ\
\HDUV QRZ KDYH SURYLGHG JXLGDQFH WR WKH SXEOLF DQG SULYDWH VHFWRUV RQ KRZ
HQYLURQPHQWDODSSUDLVDOVKRXOGEHFDUULHGEHIRUHIXQGVDUHLQYHVWHG 
5HFHQWO\ WKH8.VXVWDLQDEOHUHPHGLDWLRQIRUXP6X5)-8.SURYLGHGDIUDPHZRUN
GRFXPHQW 6X5)-8.  RQ WKH PHFKDQLVP IRU VWDNHKROGHUV WR XQGHUJR




 ? ? 
 
No. of impacts Environmental Social  Economic 
1  





Impacts on human 
health & safety; 
 











costs and benefits; 
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Use of natural 




Compliance with policy 
objectives & strategies; 
 










Table 2.3: Showing Categories of economic, environmental and social indicators 
for sustainability assessment of remediation of contaminated sites adapted from 
Defra 2010. 
 
7KHVHKHDGOLQH LQGLFDWRUV IRUDVVHVVLQJVRLODQGJURXQGZDWHU UHPHGLDWLRQZHUH
GHYHORSHGE\WKH8QLWHG.LQJGRP¶V6XVWDLQDEOH5HPHGLDWLRQ)RUXP6X5)-8.DQG
ZHUH REWDLQHG GLUHFWO\ IURP WKH 6X5)-8. UHSRUW  ,I WKHVH LQGLFDWRUV DUH
RSWLPDOO\ VHOHFWHG GHVLJQHG DQG LPSOHPHQWHG UHPHGLDWLRQ DFWLYLWLHV PD\ LPSDUW
JUHDWHUEHQHILWVWKDQLIWKHFRQWDPLQDQWVKDGEHHQOHIWXQWUHDWHG 
*HQHUDOO\ ODQGDQGZDWHU UHPHGLDWLRQ LVHPEDUNHGXSRQ WRPLWLJDWH ULVN WRKXPDQ




SURFHVVHV7KH SURFHVV LQYROYHV XVLQJ LQGLFDWRUV DQG RWKHU DSSURSULDWH JXLGHOLQHV
DQG IUDPHZRUNV WR PHDVXUH WKH VXVWDLQDELOLW\ DV UHFRPPHQGHG E\ 'HIUD 
7KH LQGLFDWRUV DUH PHDQW WR DGGUHVV D UDQJH RI LVVXHV WKDW PD\ EH UHOHYDQW DQG
SURYLGHDVVLVWDQFHWRSUDFWLWLRQHUV WR LGHQWLI\ WKHPRVW LPSRUWDQW IDFWRUVDVVRFLDWHG
ZLWK WKHSURMHFW WKDWQHHGVVXVWDLQDELOLW\DVVHVVPHQW7KH LQGLFDWRUVFHQWUHRQ WKH
WKUHHVWUDQGVRIVXVWDLQDELOLW\ZKLFKLQFOXGH 
7KHHFRQRPLFFRVWVRIUHPHGLDWLRQ 
5HPHGLDWLRQ FRVWV KDYH EHHQ YLHZHG DV VLWH-VSHFLILF GXH WR WKH YDULDELOLW\ RI
JHRORJLFDO K\GURORJLFDO FKHPLFDO IDFWRUV DQG GLIIHUHQFHV LQ UHPHGLDWLRQ WDUJHWV
'HIUD 7KH HFRQRPLF FRVWVRIDQ\ UHPHGLDWLRQ SURMHFW DUH PDGH XS RI WKH
GLUHFW FRVWV RI H[HFXWLQJ WKH SURMHFW ZKLFK LQFOXGHV WKH FRVWV RI FDUU\LQJ RXW D
IHDVLELOLW\VWXG\GLUHFWFRVWVRI ODERXUFRVWRIDFTXLULQJ ODQGFRVWRIUDZPDWHULDOV
H[FDYDWLRQ RU UHILOO FRVW ODQGILOO WD[ DQG PDLQWHQDQFH FRVWV GHSHQGLQJ RQ WKH
UHPHGLDWLRQWHFKQRORJ\FKRVHQ0F(QWHH 
2WKHU FRVWV WKDW FDQQRW EH HDVLO\ TXDQWLILHG LQ UHPHGLDWLRQ DUH WKH OLIH VSDQ DQG
SURMHFW ULVNV 7KH HFRQRPLF FRVW RI UHPHGLDWLRQ LV D PDMRU GULYHU IRU WKH UH-
GHYHORSPHQW RI VLWHV LQ WKH 8. LQ DGGLWLRQ WR WKH WLPH IUDPH IRU WKH UHPHGLDWLRQ
REMHFWLYH WREHPHW ,I WKH UHPHGLDWLRQREMHFWLYHVDUHQRWRQ WLPH WKHUHFRXOGEHD
SRWHQWLDOORVVRILQYHVWPHQWDQGILQDQFLDOULVNHVSHFLDOO\LIDORDQKDVEHHQREWDLQHG
WRILQDQFHWKHSURMHFW+RZHYHU WKHFKRLFHRIPHHWLQJWKHREMHFWLYH LVDIXQFWLRQRI
WKH UHPHGLDWLRQ WHFKQLTXH WKDW LVDGRSWHG0RUHVR FRVWV WKDWPD\EHFRQVLGHUHG
LQFOXGH LVVXHV WKDW FRXOG DIIHFW WKH ZRUN VXFK DV FRPPXQLW\ GLVWXUEDQFH
FRQWUDFWXDO HQYLURQPHQWDO SURFXUHPHQW DQG WHFKQRORJLFDO ULVNV UHSXWDWLRQDO
GDPDJHHQHUJ\XVHDQGZDVWHJHQHUDWLRQ'HIUD 
%HVLGHVFRVWVWKHUHPD\EHEHQHILWVWKDWDUHDVVRFLDWHGZLWKWKHUHPHGLDWLRQSURMHFW
WKHVH LQFOXGHHPSOR\PHQWDQGFDSLWDO JDLQVRI MREFUHDWLRQ2WKHUVDUH VNLOO OHYHOV
EHIRUHDQGDIWHUUHPHGLDWLRQDQGRSSRUWXQLWLHV IRUHGXFDWLRQDQGWUDLQLQJ LQFOXGLQJ
LQQRYDWLRQ DQG QHZ VNLOOV 6RPH FRVWV DQG EHQHILWV FDQ HDVLO\ EH PRQHWLVHG
EHFDXVHWKH\FDQGLUHFWO\EHTXDQWLILHGE\WKHLUDFWLYLWLHVDQGVHUYLFHV:KLOVWRWKHU
FRVWV DQG EHQHILWV DUH GLIILFXOW WR DVVLJQ D SULFH WR GXH WR WKH GLIILFXOWLHV RI XVLQJ
 ? ? 
 




,Q DSSUDLVLQJ UHPHGLDWLRQ SURMHFWV WKH LPSDFWV HQFRPSDVV WKH OLIH F\FOH RI WKH
SURMHFW DQG LQFOXGH HPLVVLRQV HQHUJ\ XVH FRVWV GLUHFW DQG LQGLUHFW GDPDJH WR
HFRV\VWHPV DQG HPLVVLRQV GXULQJ DQG SRVW UHPHGLDWLRQ ZRUN 0HDVXULQJ WKH
HQYLURQPHQWDOLPSDFWVLVDQRSSRUWXQLW\WRDVVHVVWKHIRRWSULQWRIFOHDQ-XSDFWLYLWLHV
WKURXJKRXWWKHOLIHRIWKHSURMHFW 
3DUDPHWHUV LQFOXGHGDUH JUHHQKRXVHJDVVHVDLUZDWHU ZDVWHDQGHQYLURQPHQWDO
DVSHFWV RI UHVRXUFHVDQGSHRSOH ,Q DVVHVVLQJ HQYLURQPHQWDO SROOXWLRQ LQ WKH 8.
DFFRUGLQJ WR WKH'HIUDJXLGHOLQHVDQG IUDPHZRUNGDWDDUHQRUPDOO\FROOHFWHG IURP
LQVWLWXWLRQVVXFKDVWKH'HSDUWPHQWIRU(QYLURQPHQWDO)RRGDQG5XUDO$IIDLUV'HIUD
 'HSDUWPHQW IRU (QHUJ\ DQG &OLPDWH &KDQJH '(&& DQG 'HYROYHG





DUULYHG DW DFURVV UDQJH RI VRXUFHV WKDW DUH UHSUHVHQWDWLYH RI WKH VHFWRU (PLVVLRQ
PDSV IRU WKH ZKROH RI WKH 8. DUH URXWLQHO\ SURGXFHG7KHVH HPLVVLRQ PDSV DUH
XVHGE\$($DQGRWKHURUJDQLVDWLRQVIRUDYDULHW\RIJRYHUQPHQWSROLF\VXSSRUWZRUN
DW WKH QDWLRQDO VFDOH (PLVVLRQ HVWLPDWHV LQ WKH 8. DUH FDOFXODWHG E\ DSSO\LQJ
HPLVVLRQVIDFWRUVGHULYHGE\1$(,WRDQDSSURSULDWHDFWLYLW\ 
7KHVRFLDOFRVWVRIDUHPHGLDWLRQ 
7KLV LVDQHZSKHQRPHQRQ LQ WKH ILHOGRI UHPHGLDWLRQZKLFK LVVWLOORSHQWRGHEDWH
ERWKLQWHUPVRIZKDWWKHERXQGDU\LVDQGWKHPHDVXUHPHQWVWKDWVKRXOGEHFDUULHG
RXW ,Q WKH 6X5)-8. IUDPHZRUN VRFLDO FRVWV PD\ DFFRXQW IRU VRFLDO MXVWLFH RU
HTXDOLW\ DQG TXHVWLRQV WKDW RIWHQ VXUIDFH DUH LV WKH VSLULW RI WKH SROOXWHU SD\V
SULQFLSOHDGKHUHG WRZLWK UHJDUG WR WKHGLVWULEXWLRQRI LPSDFWVDQGEHQHILWVDQGDUH
WKHHIIHFWVRIZRUNVGLVSURSRUWLRQDWHWRRUPRUHEHQHILFLDOWRZDUGVSDUWLFXODUJURXSV
 ? ? 
 




GLVVDWLVIDFWLRQ ZKLFK FDQQRW EH PHDVXUHG JHQHULFDOO\ UDWKHU D TXDOLWDWLYH
DVVHVVPHQWLVUHTXLUHGWRPHDVXUHFRPPXQLW\VDWLVIDFWLRQ,QDVVHVVLQJVRFLDOFRVWV
WKH DVVHVVRU PXVW FRPSO\ ZLWK SROLF\ REMHFWLYHV DQG VWUDWHJLHV VHW E\ UHJXODWRU\
ERGLHVFRGHVRIFRQGXFWVHWRXWQDWLRQDOO\RUE\ORFDODXWKRULWLHVDQGRULQOLQHZLWK
LQGXVWU\ZRUNLQJSUDFWLFHVDQGH[SHFWDWLRQV(OOLVDQG+DGOH\ 
+RZHYHU PHDVXULQJ WKH VRFLDO HOHPHQWV RI UHPHGLDWLRQ LV D GLIILFXOW WDVN WR
XQGHUWDNH GHSHQGLQJ RQ WKH LPSDFWV WKDW DUH EHLQJ PHDVXUHG 7KHUH LV D ODFN RI
PDUNHWWRJHQHUDWHDSULFHIRUVXFKLPSDFWVEXWWKHRXWFRPHIRUWKLVODFNRIPDUNHW
SULFH LVQRWDFFLGHQWDO UDWKHUPDUNHWVDUHRIWHQPLVVLQJ WKLVSULFHGXH WR WKHQRQ-
H[FOXGDEOH QDWXUH RI WKH GDPDJH FDXVHG E\ WKH LPSDFWV $OWKRXJK WKHUH DUH
HFRQRPLFWHFKQLTXHVWRHVWDEOLVKPRQHWDU\YDOXHVIRUQRQ-PDUNHWLPSDFWVWKH\DUH
EDVHGRQWKHLQIHUHQFHRISULFH0RQH\YDOXHVIRUFKDQJHVLQELRGLYHUVLW\DQGGLUHFW










EXLOG XS LQFUHDVHG WUDIILF IORZV KHDOWK ULVNV ZLQG-EORZQ OLWWHU ORVV RI YLVXDO
DPHQLWLHV DQG RWKHU HQYLURQPHQWDO KD]DUGV 7KHUH LV D KLJK SRVVLELOLW\ WKDW WKHVH
LPSDFWVFRXOGLQIOXHQFHWKHYDOXHRIORFDOSURSHUW\6RFLDOFRVWVRIUHPHGLDWLRQFRXOG
EH FDSWXUHG DQG WKH LPSDFWV DQDO\VHG LQ WKHLU UHVSHFWLYH QDWXUH DQG RFFXUUHQFHV
.URHJHUDQG0DQDOR$FFRUGLQJWR'HDWRQDQG+RHKQWKHUHLVDOLQHDU
UHODWLRQVKLSEHWZHHQSURSHUW\SULFHVDQGGLVWDQFHIURPKD]DUGRXVZDVWHVLWHVLQWKH
 ? ? 
 
86$+RZHYHU LIFOHDQLQJ WKHVLWH LVFDUULHGRXWDQGDOO WKHHQYLURQPHQWDOEOLJKWV
DUH UHPRYHG WKH SULFH RI KRXVHV ORFDWHG QHDU WKH ZDVWH VLWH LV H[SHFWHG WR ULVH
7KHUHIRUH FRPSDULQJ WKH KRXVH YDOXH EHIRUH DQG DIWHU WKH FOHDQLQJ SURYLGHV D
PHDQV RI PHDVXULQJ WKH YDOXH FDSWXUHG DV D UHVXOW RI WKH HQYLURQPHQWDO
LPSURYHPHQW 
$SSUDLVDORIWKH6X5)DQG'HIUDJXLGHOLQHV 
,Q UHYLHZLQJ WKH UHFRPPHQGDWLRQ RI 6X5)-8. LW LV FOHDU WKDW VRPH SUDFWLFHV DQG
REMHFWLYHV RI WKH JXLGHOLQHV FDQ EH DFKLHYHG LQ DQ\ JLYHQ UHPHGLDWLRQ SURMHFW
+RZHYHU LW LVQRWSUDFWLFDO WR LPSOHPHQWDOORI WKH LQGLFDWRUVRQHYHU\SURMHFW LQ
WKDWHDFK UHPHGLDWLRQSURMHFW LV VLWH-VSHFLILFDV WKHVFHQDULR LQRQHVLWHPD\GLIIHU
IURP RWKHU VLWHV$V SUHYLRXVO\ VWDWHG WKHUH DUH QR VWDQGDUG PHWULFV WKDW FXUUHQWO\
H[LVWIRUDVVHVVLQJWKHUHODWLYHVXVWDLQDELOLW\RIUHPHGLDWLRQDOWHUQDWLYHV 
,Q UHYLHZLQJ WKH HQYLURQPHQWDO LQGLFDWRUV UHFRPPHQGHG E\ 6X5)-8. PDQ\ LWHPV
RQWKHOLVWFDQEHFRQYHUWHGLQWRSURMHFWPHWULFVIRUVXVWDLQDEOHUHPHGLDWLRQGHFLVLRQ
PDNLQJ SURYLGHG DOO VWDNHKROGHUV DJUHH RQ WKH DSSURDFK DW WKH LQFHSWLRQ RI WKH
SURFHVV ZKHQ UHPHGLDO DOWHUQDWLYHV DUH GHYHORSHG DQG FRQVLGHUHG %XW WKHUH DUH
GLIILFXOWLHV LQ DJUHHLQJ RQ D SDUWLFXODU DSSURDFK LQ WKH UHPHGLDWLRQ LQGXVWU\ DW WKH
PRPHQW EHFDXVH WKHUH DUH QR UHJXODWRU\ VWDQGDUGV DQG IUDPHZRUNV WKDW
VWDNHKROGHUVPXVWIROORZ 
7KHODFNRIWKLVIUDPHZRUNFDQEHVHHQLQDUHYLHZFRQGXFWHGXQGHUWKHJXLGDQFHRI
'HIUD  LQ ZKLFK D JURXS RI SUDFWLWLRQHUV LQ WKH UHPHGLDWLRQ LQGXVWU\ ZHUH
VXUYH\HG LW ZDV IRXQG WKDW PRVW RI WKHP HYDOXDWHG WKHLU VXVWDLQDELOLW\ GLIIHUHQWO\
XVLQJ YDULRXV WHFKQLTXHV DQG PDWULFHV DQG WKH\ GLG QRW DGKHUH WR D SDUWLFXODU
DSSURDFK7KHLU GHFLVLRQV WRDVVHVV WKHLU UHPHGLDWLRQ LPSDFWVXVLQJGLIIHUHQW WRROV
DQG PDWULFHV ZDV DV D UHVXOW RI QRQ-ELQGLQJ UHJXODWRU\ JXLGDQFH WKDW GULYHV
UHPHGLDWLRQSUDFWLWLRQHUV WRXVHDSDUWLFXODUDSSURDFKRQDSURMHFWHYHQZKHQ WKH
SURMHFWKDVWKHVDPHLQKHUHQWHQYLURQPHQWDOVRFLDODQGHFRQRPLFLPSDFWV 
$W SUHVHQW WKH UROH RI WKH UHJXODWRU LQ WKH GHFLVLRQ PDNLQJ SURFHVV LV OLPLWHG DQG
DGYLVRU\DQGSUDFWLWLRQHUVHYDOXDWLQJVXVWDLQDELOLW\RIUHPHGLDWLRQSURMHFWVDUHOLNHO\
WRDUULYHDWDPELJXRXVRUFRQIOLFWLQJUHVXOWVIRUWKHVDPHSURMHFWJLYHQWKHVDPHVLWH
FRQGLWLRQV (OOLV DQG +DGOH\  )RU H[DPSOH WKHUH LV QR XQLYHUVDOO\ DFFHSWHG
 ? ? 
 
ZD\ RI FDOFXODWLQJ WKH HQYLURQPHQWDO HOHPHQW VXFK DV FDUERQ GLR[LGH DQG RWKHU
HQYLURQPHQWDO IRRWSULQWV 7KLV OHDGV WR WKH XVH RI DQ DUUD\ RI FDUERQ FDOFXODWRUV
FUHDWLQJFRQIXVLRQDQGLQDFFXUDWHLQIRUPDWLRQ5HGG\DQG$GDP 
,Q DGGLWLRQ WKH IUDPHZRUN IRU PHDVXULQJ WKH HQYLURQPHQWDO DQG VRFLDO LPSDFWV
UHFRPPHQGHG E\ 'HIUD6XUI VWLOO LJQRUH VRPH LPSDFWV HVSHFLDOO\ ZKHQ VRFLR-
HFRQRPLF HYDOXDWLRQ RI WKH FOHDQ-XS FRVWV DUH GXH WR VHFRQGDU\ HPLVVLRQV RU
FRPPXQLW\ GLVWXUEDQFH GXULQJ UHPHGLDWLRQ DFWLYLWLHV RU WKH HIIHFW RI H[LVWLQJ
FRQWDPLQDQWV LQWKDW ORFDOLW\+RZHYHU WKHVRFLDOPDWULFHVUHFRPPHQGHGE\6X5)-
8. FDQFRPSUHKHQVLYHO\EHDGRSWHGE\ UHPHGLDWLRQSUDFWLWLRQHUV LQ WKH8.  DV
VRFLDOLPSDFWVDUHXVXDOO\PHDVXUHGE\VRFLHWDOSUHIHUHQFHVGXHWRWKHDEVHQFHRI
PDUNHW SULFH 0RVW WRROV DGRSWHG IRU YDOXLQJ VRFLDO LPSDFWV DUH HLWKHU UHYHDOHG RU
VWDWHGLQWKHLQGLYLGXDOEHKDYLRXU5HYHDOHGRUVWDWHGPHWKRGVDUHEDVHGRQLPSDFWV
RQHQYLURQPHQWDQGKXPDQZHOIDUH5DQGDOO 
7KH UHYHDOHGDQG VWDWHGPHWKRGVDUH SRSXODU LQ WKH 86DQGKDYH EHHQXVHG WR
H[DPLQH WKH YDOXH RI DWWULEXWHV WKDW FRQWULEXWH WR RYHUDOO KRXVLQJ YDOXH WKHVH
DWWULEXWHV LQFOXGHGLVWDQFH WRKD]DUGRXVZDVWHVLWH HQYLURQPHQWDOTXDOLW\ VXFKDV
DLU SROOXWLRQ RGRXU DQG RWKHU QHJDWLYH H[WHUQDOLWLHV .LHO DQG =DEHO  DQG
,KODQGIHOGWDQG7D\ORU7KHYDOXDWLRQPHWKRGVKLQJHRQWKHHFRQRPLFYDOXHDQ
LQGLYLGXDODVVLJQVWRDSDUWLFXODUJRRGVRUVHUYLFHVHQYLURQPHQWDQGVRFLDOLPSDFWV
7KLV LV FRPPRQO\ PHDVXUHG E\ WKH PD[LPXP DPRXQW RI UHVRXUFHV WKH LQGLYLGXDO
ZRXOG EH ZLOOLQJ WR JLYH XS LQ RUGHU WR REWDLQ WKH JRRGV RU VHUYLFHV LQ TXHVWLRQV
%DUELH0RVWWHFKQLTXHVFKRVHQWRYDOXHHQYLURQPHQWDOJRRGVDUHPHDQWWR
UHWULHYH FRQVXPHU¶V SUHIHUHQFHV EHFDXVH WKH SULFH RI PDUNHW JRRGV JHQHUDOO\
H[KLELWVDFOHDUYDOXHDQLQGLYLGXDOSODFHVRQWKHP.URHJHUDQG0DQDOR 
,Q WKH 8. VRFLDO LPSDFWV RFFXUULQJ GXULQJ WKH UHPHGLDWLRQ SURFHVV DUH QRW RIWHQ
PHDVXUHG $OWKRXJK VFLHQWLILF VWXG\ GRHV SURYLGH HYLGHQFH RI LQFUHPHQWDO QRLVH
OHYHOVDWFHUWDLQPXQLFLSDOVRLOZDVWHPDQDJHPHQWIDFLOLWLHVFRPSRVWLQJODQGILOODQG
JDVLILFDWLRQS\URO\VLV DV ZHOO DV QRLVH DQG RGRXU IURP ODQGILOO VLWHV 'HIUD 
7KHUH DUH IHZ RU QR VWXGLHV WKDW DWWHPSW WR YDOXH VRFLDO LPSDFWV GXULQJ WKH
UHPHGLDWLRQ SURFHVV 7KLV LV EHFDXVH LPSDFWV VXFK DV FRPPXQLW\ GLVWXUEDQFH RU
VDWLVIDFWLRQLPSDFWVRQQHLJKERXUVRUWKHUHJLRQDQGLPSDFWVRQKXPDQKHDOWKDQG
VDIHW\DUHGLIILFXOWWRTXDQWLI\,WLVQRWVXUSULVLQJWKDWWKH\DUHQRWPHDVXUHGJLYHQWKH




DQG WKLV LVRIWHQQRW WDNHQ LQWR FRQVLGHUDWLRQZKHQPHDVXULQJVRFLDO LPSDFWVRQD
VLWH 
:KLOVW FRYHUDJH UHVXOWLQJ IURP HFRQRPLF DQG HQYLURQPHQW LPSDFWV RI WKH




EHH[SUHVVHG7KLV ZLOO PDNH LW SRVVLEOH WR FRPSDUH LQ FRPPRQXQLWV WKH UHODWLYH
KHDOWKDQGHQYLURQPHQWDOHIIHFWRIGLIIHUHQWUHPHGLDWLRQPHWKRGV 
7KHUHIRUH WKHUH LV QHHG WR GHILQH WKH HFRQRPLF VRFLDO DQG HQYLURQPHQWDO
DVVHVVPHQWVZLWKDSSURSULDWHJXLGHOLQHVDQGSURFHGXUHVWREHIROORZHGDVWKLVZLOO




FHUWDLQ DVVXPSWLRQV WKDW DUHXVHG WR DUULYH DW WKH FRQFOXVLRQV ,Q RWKHUZRUGV WKH
DQDO\VLV WHVWV ZKHWKHU WKH LQGLFDWRUV XVHG KROG D ZLGHU FRQILGHQFH PDUJLQ WKDQ
DFFRXQWV IRUGLIIHUHQFHV LQPHDVXULQJ WKH LPSDFWVXVLQJYDULRXV WHFKQLTXHV ,WKDV
EHHQ VXJJHVWHG WKDW VHQVLWLYLW\ DQDO\VLV VKRXOG EH FRQVLGHUHG DV DQ HOHPHQW RI
VXVWDLQDELOLW\DVVHVVPHQW LQRUGHU WRGHWHUPLQHWKHYDULDWLRQ LQ LQSXWGDWDDQGKRZ
DVVXPSWLRQFDQLQIOXHQFHWKHRYHUDOORXWFRPHRIDQDVVHVVPHQW6X5)-8.
7KHVHDQDO\VHVDUHWKHLQKHUHQWVXEMHFWLYHYDOXHVRIWKHDVVHVVRUVDVLWLVSRVVLEOH
WKDW GLIIHUHQW DVVHVVRUV SUHVHQWHG ZLWK WKH VDPH VFHQDULR DQG LQIRUPDWLRQ PD\
DUULYHDWDGLIIHUHQWDVVHVVPHQWRIWKHRSWLPXPVROXWLRQ7KHSXUSRVHRIWKHDQDO\VLV
LVWRXQGHUSLQWKHQHHGIRUDVVHVVRUVWRXQGHUVWDQGWKHYDULDELOLW\RIWKHLUGDWDLQSXW




 ? ? 
 
6HWWLQJWKHERXQGDULHVRIDVXVWDLQDELOLW\DVVHVVPHQW 
3ULRU WR XQGHUWDNLQJ D UHPHGLDWLRQ VXVWDLQDELOLW\ DVVHVVPHQW WKHUH VKRXOG EH D
GHILQLWLRQ DQG DJUHHG ERXQGDULHV IRU WKH DVVHVVPHQW (OOLV DQG +DGOH\  ,I
WKHVH ERXQGDULHV DUH QRW SUH-GHWHUPLQHG WKHUH LV WKH SRVVLELOLW\ WKDW GLIIHUHQW
DVVHVVRUVFDQPDNHGLIIHUHQWDVVXPSWLRQVLQUHVSHFWWRWKHOLPLWRIWKHDVVHVVPHQW
DQG WKLV ZLOO PDNH GHFLVLRQV GLIILFXOW WRDFKLHYH 6X5)-8. 7KHERXQGDULHV
VKRXOGVWDWHZKLFKHQYLURQPHQWDOVRFLDODQGHFRQRPLFIDFWRUVDUHWREHWDNHQLQWR
FRQVLGHUDWLRQ DQG ZKLFK EHQHILWV RU LPSDFWV RI WKH WKUHH VWUDQGV VKRXOG EH
DVVHVVHG ,Q DGGLWLRQ WKH WLPHGXUDWLRQ RI WKH EHQHILWVLPSDFWV RI UHPHGLDWLRQ RI




/DQG FRQWDPLQDWLRQ FRXOG EH DV D UHVXOW RI DQWKURSRJHQLF DFWLYLWLHV ZLWK PRVW
SROOXWLRQDULVLQJIURPSDVWDQGSUHVHQWLQGXVWULDODFWLYLWLHV7KLVKDVOHGWRDQXPEHU
RI EURZQILHOG VLWHV 6RFLHW\ KDV EHFRPH DWWXQHG WR WKH QHFHVVLW\ RI UH-XVLQJ
EURZQILHOGODQGIRUXUEDQGHYHORSPHQW 
7KHUH DUH D ZLGH UDQJH RI WHFKQLTXHV WKDW FDQ EHXVHG WR FOHDQ-XS FRQWDPLQDWHG
EURZQILHOGVLWHVLQFOXGLQJSK\VLFRFKHPLFDOWUDGLWLRQDODQGSURFHVVEDVHGWHFKQLTXHV
VXFKDVELRUHPHGLDWLRQDQGWKHUPDOGHVRUSWLRQ7KHWHFKQLTXHVXVHGDUHDVVRFLDWHG
ZLWK DFWLYLWLHV WKDW UHVXOW LQ HQYLURQPHQWDO VRFLDO DQG HFRQRPLF LPSDFWV KRZHYHU
WKHUH LVJURZLQJ UHFRJQLWLRQRI WKH LPSRUWDQFHRIPDNLQJFOHDQ-XSRIFRQWDPLQDWHG
ODQG PRUH VXVWDLQDEOH DQG WKHUHE\ PLQLPL]LQJ LWV HFRQRPLF HQYLURQPHQWDO DQG
VRFLDOLPSDFWV 
&RQVLGHULQJ WKH VXVWDLQDELOLW\ RI UHPHGLDWLRQ SURMHFWV KDV DWWUDFWHG DWWHQWLRQ IURP
UHPHGLDWLRQ SUDFWLWLRQHUV DQG RWKHU VWDNHKROGHUV DQG WKH WKUHH HOHPHQWV RI
VXVWDLQDELOLW\ DUH LQFUHDVLQJO\ EHLQJ WDNHQ LQWR DFFRXQW ZKHQ D UHPHGLDWLRQ
WHFKQRORJ\ LVEHLQJFRQVLGHUHGIRUXVH$FKLHYLQJVXVWDLQDELOLW\ LQ ODQGUHPHGLDWLRQ
LVDFXUUHQWWKLQNLQJLQWKHFLUFOHRIQDWLRQDOVXVWDLQDEOHGHYHORSPHQWLQWKH8.DQG
WKHUH LV DQ H[SDQGLQJ SRUWIROLR RI LQLWLDWLYHV UHJXODWLRQ VWDQGDUGV DQG JXLGHOLQHV
SURSRVHG E\ WKH 8. *RYHUQPHQW WKURXJK 'HIUD 7KH SXUSRVH RI VXVWDLQDEOH
 ? ? 
 
GHYHORSPHQWLQWKHUHPHGLDWLRQLQGXVWU\LVWRXQGHUSLQWKHDSSOLFDWLRQRIVXVWDLQDEOH




SURMHFW ZLOO DWWHPSW WR HYDOXDWH ERWK WKH HFRQRPLF DQG HQYLURQPHQWDO FRVWV RI


























7KLV HQWDLOV D VHULHV RI ODERUDWRU\ WHFKQLTXHV LQFOXGLQJ WKRVH GHYHORSHG LQ WKH
ODERUDWRU\IRUWKHDQDO\VLVRIWKHSUDFWLFDODVSHFWVRIWKHUHPHGLDWLRQSURFHVVHVVXFK
DVVRLOSUHSDUDWLRQH[SHULPHQWDOGHVLJQDQGPDLQWHQDQFHPLFURELRORJLFDOPHWKRGV
DQDO\WLFDO PHWKRGV VWDWLVWLFDO DQDO\VLV DQG WKH HYDOXDWLRQ RI PHWKRGV DQG
GHYHORSPHQWRIWHFKQLTXHV 
6RLO SUHSDUDWLRQ GHVFULEHV KRZ WKH VRLO ZDV SUHSDUHG EHIRUH XVH LQFOXGLQJ WKH
PDWHULDOV XVHG LQ WKH VWXG\ 7KH H[SHULPHQWDO GHVLJQ DQG PDLQWHQDQFH GHVFULEHV
KRZ WKH WUHDWPHQWV ZHUH PDLQWDLQHG WKURXJKRXW WKH H[SHULPHQW LQFOXGLQJ
WHPSHUDWXUH ZDWHU DGGHG S+ UHFRUGLQJ DQG WKH DPRXQW RI VRLO FROOHFWHG IRU
ODERUDWRU\WHVWLQJ 
7KH PLFURELRORJLFDO PHWKRGV GHVFULEH WKH W\SH RI DJDU XVHG LQ WKH VWXG\ WR
FKDUDFWHULVH WKH EDFWHULD  5$ DQG RLO DJDU ZHUH XVHG LQ WKH FODVVLILFDWLRQ RI WKH
EDFWHULD7KHDLPRIFKRRVLQJWKHRLODJDUZDVWRLQYHVWLJDWHLIWKHEDFWHULDIRXQGLQ
WKHVRLOKDYHWKHSRWHQWLDOWRGHJUDGHGLHVHO$VLPLODUVWXG\KDVEHHQFDUULHGRXWE\
3UDNDVK DQG ,UIDQ  ZKHUH EDFWHULD WKDW XVHG FUXGH RLO DV WKH VROH FDUERQ
VRXUFHZHUHFKDUDFWHULVHGDQGWKHLUSRWHQWLDOVWRXWLOL]HWKHFRPSRXQGVLQDPL[WXUH
RI K\GURFDUERQV DV D VXEVWUDWH ZHUH GHWHUPLQHG 7KH 5$ DJDU ZDV XVHG WR
GHWHUPLQHWKHEDFWHULDFRXQWVLQWKHWUHDWHGVRLO,WLVQRUPDOO\XVHGWRPRQLWRUYLDEOH
EDFWHULDJURZWKLQHQYLURQPHQWDOPHGLD3\OHHWDO 
7KHVHFWLRQRQDQDO\WLFDOPHWKRGVGHVFULEHVKRZ WKHVDPSOH IURP WKH WUHDWHGVRLO
ZDV FKHPLFDOO\ DQDO\VHG XVLQJ JDV FKURPDWRJUDSK\ *& DQG GHVFULEHV WKH VRLO
H[WUDFWLRQSURFHVVSULRU WRFKHPLFDODQDO\VLV ,WDOVRGHVFULEHV WKH W\SHRI*&DQG
WKHDQDO\WLFDOFRQGLWLRQVXVHGLQDQDO\VLQJWKHVRLO 
7KHVWDWLVWLFDODQDO\VLVGHVFULEHV WKH W\SHVRIVWDWLVWLFDO WHVWXVHG LQ WKHVWXG\DQG
WKHUHDVRQVIRUWKHFKRLFHRIWKHGLIIHUHQWVWDWLVWLFDOWHVWV 
 ? ? 
 
7KHHYDOXDWLRQRIPHWKRGVDQGGHYHORSPHQWRI WHFKQLTXHV LQFOXGHV WKHSURFHGXUH
XVHGIRUVSLNLQJWKHVRLOLQWKHODERUDWRU\7KLVEHFRPHVQHFHVVDU\DVWKHYROXPHRI
GLHVHO WKDW LV WR EH DGGHG WR WKH VRLO LV VPDOO DQG DV D UHVXOW WKHUH LV D QHHG WR
LQFUHDVH WKHYROXPHRI OLTXLGDGGHG WR WKHVRLOE\GLOXWLQJ WKHGLHVHOZLWKDQRWKHU




FDQ KRPRJHQRXVO\ PL[ WKH GLHVHO LQ WKH VRLO 7KLV GHYHORSPHQWDOVR LQYROYHG WKH
GHWHUPLQDWLRQRIWKHSHUFHQWDJHUHFRYHU\RIWKHGLHVHOIURPWKHVSLNHGVRLO7KLVZDV
FDUULHG RXW E\ DGGLQJ D NQRZQ DPRXQW RI GLHVHO WR WKH VRLO DQG GHWHUPLQLQJ KRZ
PXFK FDQ EH UHFRYHUHG $ VLPLODU WHFKQLTXH KDV EHHQ XVHG E\ &DP DQG *DJQL
 WR LQYHVWLJDWH WKH GHWHUPLQDWLRQ RI SHWUROHXP K\GURFDUERQV LQ VSLNHG
DJULFXOWXUDOVRLOXVLQJFRPPHUFLDOGLHVHO 
,QDGGLWLRQGLIIHUHQWSHUFHQWDJHUHFRYHULHVZHUHFRPSDUHG7KLVZDVFDUULHGRXWWR
GHWHUPLQH LI WKH DPRXQW RI GLHVHO UHFRYHUHG IURP WKH VRLO LV SURSRUWLRQDO WR WKH
YROXPHDGGHG,QRUGHUWRPDNHWKHVHFRPSDULVRQVGLIIHUHQWSHUFHQWDJHVRIGLHVHO
ZHUHDGGHG WRD IL[HGDPRXQWRIVRLODQG WKHGLHVHOFRPSRXQGVZHUHH[WUDFWHG WR




$ VHULHV RI ODERUDWRU\ VFDOH H[SHULPHQWV ZHUH FDUULHG RXW WR GHWHUPLQH WKH
SURFHGXUHVWRLQYHVWLJDWHLIWKHDGGLWLRQRI%6*ZRXOGLPSURYHXSRQWKHGHJUDGDWLRQ




 FOD\  VDQG DQG  VLOW 7KLV LV DQ DJULFXOWXUDO VRLO ZLWKRXW DQ\ UHFHQW
QLWURJHQDPHQGPHQWV7KHVRLOZDVREWDLQHGIURPVPDOORUJDQLFIDUPODQGLQ%RZHV
LQ7HHVGDOHQHDU%DUQDUG&DVWOH8.7KHVRLOZDVLQLWLDOO\VLHYHGWKURXJKDPP





7KHFRQWDPLQDWHGVRLOZDV WUDQVIHUUHG LQWR WUD\VFP LQ OHQJWKDQGFPZLGH
7KH WUD\VZHUHFRYHUHGZLWK*RUHWH[ ILEUH WR UHSOLFDWH ILHOGVFDOH UHPHGLDWLRQDQG
LQFXEDWHG DW URRP WHPSHUDWXUH 7KH VRLO ZDV QRW VWHULOLVHG LQ RUGHU WKDW WKH
LQGLJHQRXV PLFURELDO SRSXODWLRQV FRXOG EH PDLQWDLQHG 7KUHH UHSOLFDWHV RI HDFK




 OLWUHV ORFDWHG DW (QWHUSULVH 3DUN LQ 6XQGHUODQG  3ULRU WR XVH WKH %6* ZDV
FROOHFWHG DQG VWRUHG IRU - GD\V DW & LQ WKH ODERUDWRU\ DW WKH 8QLYHUVLW\ RI




0DLQWDLQLQJ WKH H[SHULPHQWV HQWDLOHG URXWLQH PL[LQJ RI WKH VRLO LQ WKH WUD\V DQG
VSUD\LQJ LW ZLWK ZDWHU LQ RUGHU WR PDLQWDLQ WKH VRLO PRLVWXUH FRQWHQW  $ FRQVWDQW
YROXPHRIZDWHUZDVDGGHGWRWKHVRLOZHHNO\WKURXJKRXWWKHH[SHULPHQWEDVHGRQ
WKH ZHLJKW RI VRLO LQ HDFK WUHDWPHQW W\SHV :DWHU ZDV VSUD\HG RQWR WKH UHSOLFDWH
WUHDWPHQWV WR HQVXUH WKDW WKH VRLO GLG QRW EHFRPH GU\ 7KH VRLO ZDV DHUDWHG E\
WXUQLQJDQGPL[LQJLWWKRURXJKO\LQRUGHUWRDFKLHYHKRPRJHQHLW\RIDQ\DPHQGPHQWV
DGGHG 
7KUHH UHSOLFDWH VDPSOHV ZHUH UHPRYHG DW D UDQJH RI VDPSOLQJ WLPHV )URP HDFK
WUHDWPHQW  J RI VRLO ZDV UHPRYHG IRU ERWK PLFURELDO DQDO\VLV DQG IRU WKH
GHWHUPLQDWLRQRI73+ 
7KHS+YDOXHRIWKHVRLOZDVGHWHUPLQHGXVLQJDSDVWHSUHSDUHGE\VKDNLQJSDUWRI
WKH VRLO ZLWK SDUWV RI GLVWLOOHG ZDWHU +HQGHUVKRW DQG /DODQGH  UHDGLQJV
ZHUH WDNHQ XVLQJ D )LVKHUEUDQG +\GUXV  S+ PHWHU %HIRUH WKH UHDGLQJV ZHUH
WDNHQWKHS+PHWHUZDVFDOLEUDWHGXVLQJVWDQGDUGVROXWLRQV 




0LFURELDO FRXQWV ZHUH SHUIRUPHG XVLQJ 5$ DJDU DQG PLQLPDO RLO PHGLD *RQJ
7KHIRUPXODWLRQRI WKH5$DQGRLOPHGLD LVUHSUHVHQWHGLQVHFWLRQ$W
HDFK VDPSOLQJ WLPH  J RI VRLO ZDV PL[HG ZLWK  FPV RI  E\ YROXPH
VWHULOLVHGVRGLXPS\URSKRVSKDWHIRUPLQXWHVDW&XVLQJDVKDNHUDWUSP
5HYROXWLRQ SHU 0LQXWH 7KHUHDIWHU  FP RI WKH VRLOS\URSKRVSKDWH VROXWLRQ ZDV
WUDQVIHUUHG LQWR  FPV RI VWHULOH VDOLQH VROXWLRQ DQG D WHQ-IROG VHULDO GLOXWLRQ ZDV
FDUULHGRXWWKDWLVIURP-WR-DFFRUGLQJWRWKHWHFKQLTXHDGRSWHGLQ0RUHLUD
HWDO 
$IWHU WKH VHULDO GLOXWLRQV  FPV RI WKH GLOXWHG VROXWLRQ ZDV UHPRYHG IURP HDFK




WRXWLOL]H %DOED HWDO%RWKPHGLDSODWHVZHUH LQFXEDWHGDW&DQGZHUH
LQVSHFWHGDIWHUKRXUVIRUFRORQ\IRUPDWLRQDQGWKHUHDIWHUHYHU\KRXUV$IWHU
















Difco TM minimal agar Davis 
Formula * per Litre 
Grams 
Yeast Extract 0.5 
Proteose Peptone No. 3 0.5 
Casamino Acids 0.5 
Dextrose 0.5 
Soluble Starch 0.5 
Sodium Pyruvate 0.3 
Dipotassium Phosphate 0.3 
Magnesium Sulphate 0.05 
Agar 15.0 
 
Table 3.1: Composition and Formulation of R2A agar and concentration levels 
measured in grams used in this study (URL 4). 
 































7KH PLFUR-RUJDQLVPV ZKLFK JURZ RQ WKLV PHGLD ZRXOG EH DEOH WR EUHDNGRZQ WKH










VKDNHU DW  USP IRU  KRXUV DW URRP WHPSHUDWXUH$IWHU  KRXUV WKH VDPSOHV
ZHUHILOWHUHGE\YDFXXPIXQQHO$OLTXRWVRIWKHKH[DQHH[WUDFWZHUHSLSHWWHGIURPWKH
ERWWOH DQG VHDOHG LQ D JDV FKURPDWRJUDSK\ *& YLDO ([WUDFWV ZHUH DQDO\VHG DV







P E\ PP ZLWK QLWURJHQ DV WKH FDUULHU JDV DW D IORZ UDWH RI  FPV PLQ-
7KH*&XVHGLQWKHVWXG\LVVKRZQLQ)LJXUH 
 




VLOLFD FDSLOODU\ FROXPQ HTXLSSHG ZLWK D IODPH LRQL]DWLRQ GHWHFWRU ),' ZKLFK ZDV
XVHGLQDQDO\VLQJWKHVRLOVDPSOHVIRUDOOWUHDWPHQWVLQWKHVWXG\ 
7KH WHPSHUDWXUHSURJUDPPHXVHGZDV&PLQ- &PLQ-DQG&IRUPLQV
7KLVPHWKRG ZDV XVHG WKURXJKRXW WKH H[SHULPHQWV H[FHSW H[SHULPHQW WKUHH  LQ
ZKLFKKHOLXPZDVXVHGDVWKHFDUULHUJDVEXWDOORWKHUFRQGLWLRQVZHUHPDLQWDLQHG
7KH H[WUDFWDEOH SHWUROHXP K\GURFDUERQV ZHUH LGHQWLILHG DQG TXDQWLILHG E\
FRPSDULVRQ RI VDPSOH KHLJKW DQG UHWHQWLRQ WLPH WR WKH FRQWURO VDPSOHV EODQN
VDPSOHV 'XSOLFDWHV RI FRQWURO VDPSOHV ZHUH UXQ FRQFXUUHQWO\ ZLWK WKH RULJLQDO
VDPSOHV DW  )RU HYHU\  WUHDWPHQW VDPSOHV UXQ D FRQWURO VDPSOH ZDV
FRQFXUUHQWO\UXQDQGDQ\GLVFUHSDQF\EHWZHHQWKHFRQWURODQG WKHH[SHFWHGUHVXOWV
ZHUHDQDO\VHGDFFRUGLQJO\*DVFKURPDWRJUDSK\*&KDVEHHQXVHGE\3DLJDHWDO
 WRGHWHUPLQH WKH OHYHORI73+ LQFRQWDPLQDWHGVRLOVDQG WKH UHVXOWVRI WKHLU
VWXG\ GHPRQVWUDWHG WKDW *& KDG WKH FDSDFLW\ WR DFFXUDWHO\ TXDQWLI\ 73+ LQ VRLOV
LUUHVSHFWLYHRIWKHFRQWDPLQDWLRQOHYHOV 
 






REWDLQHG WKH QXOO K\SRWKHVLV RI QR GLIIHUHQFH ZDV UHMHFWHG DQG WKH DOWHUQDWH
K\SRWKHVLVRIH[LVWHQFHRIGLIIHUHQFHVLQVDPSOHYDOXHVZDVDFFHSWHG 


















PDLQ HYDOXDWLRQ )LUVW D SURFHGXUH ZDV GHYHORSHG WR WHVW WKH KRPRJHQHLW\ RI WKH





 ? ? 
 
6RLOVSLNLQJ 
$V WKH YROXPH RI GLHVHO WKDW LV WR EHDGGHG WR WKH VRLO LV VPDOO WKHUH LVDQHHG WR
LQFUHDVH WKHYROXPHRI OLTXLGDGGHG WR WKHVRLOE\GLOXWLQJ WKHGLHVHOZLWKDQRWKHU
VROYHQW7KLVZLOOHQVXUHDQHYHQGLVWULEXWLRQRI WKHGLHVHO WKURXJKRXW WKHVRLO7KH
VRLO ZDV OHIW LQ D IXPH FXSERDUG IRU  KRXUV WR DOORZ WKH YRODWLOH FRPSRXQGV WR
HYDSRUDWH 7KLV ILUVW H[SHULPHQW ZDV HYDOXDWHG DIWHU WKH DGGLWLRQ RI WKH GLHVHO




Solvent Name Soil (g)  Vol. of diesel 
added to the 
soil (cms3) 




Acetone 2000 200 80 3 
Methanol 2000 200 80 3 
Hexane 2000 200 80 3 
Water 2000 200 80 3 
 
Table 3.3: Showing grams of soil, diesel and solvents evaluated as possible 









 ? ? 
 
 
)LJ  VKRZLQJ UHSOLFDWH WUD\V FRQWDLQLQJ NJ RI VRLO ZKLFK WKH GLHVHOVROYHQW
PL[WXUHZHUHDGGHG ? 










6( S GLHVHOPL[HGZLWKPHWKDQRO0 6' 6( 











































dƌĂǇĐŽŶƚĂŝŶŝŶŐƐŽŝů ^ŽŝůĚŝĞƐĞů ?ƐŽůǀĞŶƚŵŝǆƚƵƌĞ 
 ? ? 
 
VLJQLILFDQWO\JUHDWHUDVFRPSDUHGWRVRLOFRQWDPLQDWHGZLWKGLHVHOPL[HGZLWKZDWHU
0 6' 6( 7KHUHZDVQRVWDWLVWLFDOO\VLJQLILFDQWGLIIHUHQFHLQKHLJKW
EHWZHHQGLHVHOPL[HGZLWKDFHWRQHDQGPHWKDQROS DQGEHWZHHQDFHWRQH
DQG KH[DQH S   7KHUH ZDV QR VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH LQ WHUPV RI
UHFRYHU\EHWZHHQPHWKDQRODQGKH[DQHS 7KHSRVWKRF/6' DQDO\VLV LV
VKRZQLQWDEOHEHORZ 
   Sig/difference Data set of carbon ranges from C9 ± C23 and their p value 
                                       n=52 
Solvent Methanol  Water  Hexane  Acetone 
Acetone 0.97 0.01 0.40   - 
Methanol       - 0.01 0.43 0.97 
Hexane 0.43 0.01 - 0.40 







WKDQ PHWKDQRO DQG KLJKHU WKDQ ZDWHU LQ WHUPV RI WKH WRWDO FRQVWLWXHQWV
UHFRYHUHG +RZHYHU LQ WHUPV RI WKH YDULDELOLW\ ZLWKLQ WKH VDPSOHV IRU HDFK
VROYHQW DQG ZDWHU WKH UHVXOWV VKRZ WKHUH ZDV OHVV YDULDELOLW\ IRU WKH WKUHH
VROYHQWVWKDQZDWHU7KHH[WUDFWIURPWKHFKURPDWRJUDPGHSLFWLQJWKHLUSHDN
KHLJKW DQG UHWHQWLRQ WLPH RI WKH WKUHH VROYHQWV DQG ZDWHU FDQ EH IRXQG LQ
$SSHQGL[O 
7KHUHIRUH EHFDXVH DFHWRQH KDV WKH KLJKHVW WRWDO SHDN KHLJKW LQGLFDWLQJ JUHDWHU
UHFRYHU\ UDWHV LW ZDV DGRSWHG DV WKH GLOXHQW LQ WKLV VWXG\ $FHWRQH KDG EHHQ




 ? ? 
 
3HUFHQWDJHUHFRYHU\ 
5HFRYHU\ VWXGLHV XVXDOO\ LQYROYH WKH DGGLWLRQ RI D NQRZQ DPRXQW RI DQDO\WH WR D
VDPSOHDQGWKHQGHWHUPLQLQJZKDWRIWKHDPRXQWFDQEHGHWHFWHG6DZDGDHWDO
,QWKHVWXG\KHUHWKHUHFRYHU\UDWHZDVWHVWHGE\DGGLQJDNQRZQDPRXQWRI
GLHVHO WR D IL[HG DPRXQW RI VRLO WR GHWHUPLQH WKH UHFRYHU\  ,Q SUHSDULQJ WKH
H[SHULPHQWRIGLHVHOZDVDGGHG WR NJRI VRLO DVGHVFULEHG LQ WKHSURWRFRO LQ
VHFWLRQ  DQG  DQG H[WUDFWHG LQ KH[DQH VROXWLRQ  )RU FRPSDULVRQ  RI
GLHVHOZDVH[WUDFWHG QRWDGGHG WRVRLO LQKH[DQHVROXWLRQDVGHVFULEHG LQVHFWLRQ
DQG%RWKVDPSOHVZHUHUHSOLFDWHG7KHUHFRYHU\ZDVGHWHUPLQHGE\
FRPSDULQJ WKH SHUFHQWDJH GLIIHUHQFH EHWZHHQ 73+ H[WUDFWHG IURP WKH VRLO GLHVHO








































Diesel, 41 cms 
Diesel concentration, 
Diesel + soil,  28 cms 
1% diesel  concentration  
 ? ? 
 
KHLJKW7KLV LVHTXLYDOHQW WRRIWKHRULJLQDOGLHVHO UHFRYHUHGIURPWKHVRLO7KH
VWDWLVWLFDOWHVWWRVKRZWKHVLJQLILFDQWGLIIHUHQFHLVVKRZQEHORZ 
$QLQGHSHQGHQWVDPSOHW-WHVW LQGLFDWHGWKDWWKHWRWDOSHDNKHLJKWRIGLHVHOWKDWZDV
DGGHGGLUHFWO\ WR WKHKH[DQHZDVVLJQLILFDQWO\KLJKHU0 6'  WKDQWKH
WRWDOSHDNKHLJKWRIGLHVHOH[WUDFWHGIURPWKHVRLO0 6' WS 
G 'HVSLWHWKHGLIIHUHQFHVEHWZHHQWKHVDPSOHVWKHUHVXOWVVKRZHGWKDW
WKH UHFRYHU\  RI GLHVHO IURP WKH VRLO ZDV  EDVHG XSRQ D FRPSDULVRQ RI WKH
SHDN KHLJKWV LQ ILJXUH 7KH UHPDLQLQJ  FRXOG EH DWWULEXWHG WR YRODWLOL]DWLRQ
DQGHYDSRUDWLRQRIWKHGLHVHOGXHWRLWVYRODWLOHFRPSRQHQWV 
5HSUHVHQWDWLRQRIWKHHIIHFWRIFRQFHQWUDWLRQRQUHFRYHU\ 
7KLV LVDQDQDO\WLFDOSURFHGXUH WR WHVW WKH UHODWLRQVKLSEHWZHHQPXOWLSOHV VDPSOHV
7KLVFDQEHFDUULHGRXWE\PHDVXULQJNQRZQSURSHUWLHVRIGLIIHUHQWFRPSRXQGVLQD
VDPSOHDQG WKH UHVXOWVDUHGLUHFWO\ FRPSDUHG WR WKHFRQFHQWUDWLRQ DPRXQWRI WKH
DQDO\WH LQ WKH VDPSOH +DUPRQLVHG  7KH DLP KHUH LV WR FRPSDUH WKH
UHODWLRQVKLSEHWZHHQWKHGLIIHUHQWUHFRYHULHVWRGHWHUPLQHLIWKHDPRXQWRIGLHVHO
DGGHGWRWKHVRLOLVSURSRUWLRQDOWRWKHGLHVHOUHFRYHUHG 
7KLVH[SHULPHQW LV WRGHWHUPLQH LI WKH UHFRYHU\DVPHDVXUHGE\SHDNKHLJKW LV
SURSRUWLRQDO WR WKH YROXPH RI GLHVHO DGGHG 'LHVHO ZDV DGGHG WR  NJ RI VRLO DW D
FRQFHQWUDWLRQ RI   DQG  YZ DFFRUGLQJ WR WKH VSLNLQJ
SURFHGXUHV GHVFULEHG LQ WKH SURWRFRO LQ VHFWLRQ (DFK RI WKH GLHVHO
FRQFHQWUDWLRQVZDVLQWULSOLFDWHDVVKRZQ)LJXUHEHORZ 
 
)LJ VKRZLQJ UHSOLFDWH WUD\V FRQWDLQLQJ  NJ RI VRLO ZKLFK WKH GLHVHOVROYHQW
PL[WXUHZHUHDGGHGDWDQGFRQFHQWUDWLRQOHYHO 
$IWHU  KRXUV WKH GLHVHO ZDV UHFRYHUHG E\ H[WUDFWLQJ LQ KH[DQH DV GHVFULEHG LQ
^ŽŝůĚŝĞƐĞů ?ƐŽůǀĞŶƚ
ŵŝǆƚƵƌĞ dƌĂǇĐŽŶƚĂŝŶŝŶŐƐŽŝů 









RI VRLO 7KH UHVXOWV IRU WKLV H[SHULPHQW LQGLFDWH WKDW WKH KLJKHVW SHDN KHLJKW ZDV
REWDLQHGIRUWKHKLJKHVWFRQFHQWUDWLRQRIGLHVHO7KHORZHVWSHDNKHLJKWZDV
REWDLQHG IURP WKH ORZHVW FRQFHQWUDWLRQ RI GLHVHO 7KHUH ZDV D SRVLWLYH FRUUHODWLRQ





:DWHU LV DQ HVVHQWLDO FRPSRQHQW LQ FHOO SURFHVVHV DV LW DLGV WKH WUDQVSRUWDWLRQ RI

































% of diesel concentration 
 ? ? 
 
UHJXODWHV VRLO WHPSHUDWXUH 7KH FRPSRVLWLRQ RI D FOD\-VRLO DQG LWV RUJDQLF PDWWHU
FRPSOH[HV JRYHUQ PLFURELDO DFWLYLWLHV LQ WKH VRLO PDWUL[ 3DXO 	 &ODUN 7KLV







RI VRLO ZKLFK LV OHVV WKDQ WKH ILHOG ZDWHU KROGLQJ FDSDFLW\ 7KH DPRXQW RI ZDWHU
DGGHG WR WKH VRLO VKRZHG WKDW WKH VRLO ZDV PRLVW EXW QRW ZDWHUORJJHG 7KH ZDWHU












WKURXJKRXW WKHH[SHULPHQW 7KH UHVXOWV IURP WKHFKDSWHUDOVRVKRZHG WKDWRI
GLHVHOFDQEHUHFRYHUHGIURPWKHVRLOZKHQRIGLHVHOZDVDGGHGWRNJRIVRLO
7KH PHWKRG IXUWKHU VKRZHG WKDW WKH DPRXQW RI GLHVHO DGGHG WR WKH VRLO ZDV










7KH DLP RI WKLV FKDSWHU LV WR LQYHVWLJDWH WKH XVH RI %6* WR LPSURYH WKH
ELRUHPHGLDWLRQ RI VRLO VSLNHG ZLWK GLHVHO LQ WKH ODERUDWRU\ 7ZR H[SHULPHQWV ZHUH
FDUULHG RXW - H[SHULPHQW D DQG E ([SHULPHQW D LQYHVWLJDWHG ELRUHPHGLDWLRQ
LQFOXGLQJ WKH DGGLWLRQ RI %6* WR DXJPHQW WKH ELRUHPHGLDWLRQ SURFHVVHV 7KH








PLFURRUJDQLVPVDEOH WRGHJUDGH WKHFRQWDPLQDQWV 6XQLDQG5RPDQWVFKXN
6HYHUDO ODERUDWRU\ DQG ILHOG WHVWV KDYH GHPRQVWUDWHG WKH HIIHFWLYHQHVV RI
ELRUHPHGLDWLRQ LQ WKHFOHDQ-XSRIVRLO FRQWDPLQDWHGZLWKK\GURFDUERQVHLWKHUXVLQJ
LQGLJHQRXV PLFURRUJDQLVPV RU E\ WKH LQRFXODWLRQ RI H[RJHQRXV PLFURELDO FRQVRUWLD
VHOHFWHGEDFWHULD%HQ\DKLDHWDO/HHHWDODQG$PHKHWDO 
$ QXPEHU RI VWXGLHV KDYH IRFXVVHG RQ WKH DGGLWLRQ RI RUJDQLF ZDVWHV WR LPSURYH
XSRQ WKH ELRUHPHGLDWLRQ SURFHVVHV WKHVH LQFOXGH WKH ODERUDWRU\ VFDOH VWXG\
FRQGXFWHGE\&KRHWDOLQZKLFKYDULRXVQXWULHQWVVXFKDV+\SRQH[FRPSRVW
IRU VRLO DPHQGPHQW DQG EDUN PDQXUH EDNHG GLDWRPLWH PLFURSRURXV JODVV DQG
FRFRQXWFKDUFRDOZHUHXVHGDVDEDVLFQXWULHQWIRUPLFURRUJDQLVPVXVLQJ.XZDLWRLO
FRQWDPLQDWHGVRLO7KHSXUSRVHRIWKHVWXG\ZDVWRDFFHOHUDWHWKHELRGHJUDGDWLRQRI
K\GURFDUERQV GXULQJ  ZHHNV LQFXEDWLRQ 7KH UHVXOW VKRZV WKDW - RI WKH
FRQWDPLQDWHG RLO ZDV GHFRPSRVHG DQG DPRQJVW WKH PDWHULDOV WHVWHG FRFRQXW
FKDUFRDO ZDV VHHQ WR HQKDQFH WKH ELRGHJUDGDWLRQ RI WKH K\GURFDUERQV PRVW
HIIHFWLYHO\ 




ELRGHJUDGDWLRQ RI GLHVHO IXHO LQ VRLO FRQWDPLQDWHG ZLWK  ZZ GLHVHO IXHO
DPHQGHG ZLWK  WHD OHDI VR\ FDNH DQG SRWDWR VNLQ IRU D SHULRG RI  GD\V 
PRQWKV,WZDVIRXQGLQWKHVWXG\WKDWELRGHJUDGDWLRQRIWKHRLOZDVUHFRUGHG
DWGD\ZLWK WKH WUHDWPHQWDPHQGHGZLWKVR\DFDNH:KLOVW RQO\RI WKHRLO
ZDVGHJUDGHG LQ WKHFRQWURO WUHDWPHQW3RWDWRVNLQDQGWHD OHDI UHFRUGHGDQG
ELRGHJUDGDWLRQUHVSHFWLYHO\ 
7KHFKDSWHU UHSRUWHGKHUHZLOO IRFXVRQ ODERUDWRU\VWXGLHVDQGVHHN WRDQVZHU WKH
ILUVW REMHFWLYH RI WKH VWXG\ GRHV WKH DGGLWLRQ RI %6* LPSURYH XSRQ WKH EDFWHULDO
EUHDNGRZQ RI K\GURFDUERQV DQG LV WKH WHFKQLTXH IHDVLEOH" 7KHUHIRUH WZR
ELRUHPHGLDWLRQH[SHULPHQWVZHUHFDUULHGRXWZKLFK LQFOXGHH[SHULPHQW DDQG E
WKH PHWKRGV DGRSWHG DUH GHVFULEHG LQ WKH QH[W VHFWLRQ ([SHULPHQW D ZDV WR
LQYHVWLJDWH ELRUHPHGLDWLRQ LQFOXGLQJ WKH DGGLWLRQ RI %6* WR DXJPHQW WKH
ELRUHPHGLDWLRQSURFHVVHVDQGWKHH[SHULPHQWZDVIXUWKHUVWXGLHGZLWKWKHDGGLWLRQ
RI D EDFWHULDO FRQVRUWLXP :KLOVW H[SHULPHQW E ZDV D UHSHDWHG ELRUHPHGLDWLRQ
H[SHULPHQW WRGHWHUPLQH WKHFRQVLVWHQF\RIXVLQJ WKH%6*QREDFWHULDOFRQVRUWLXP
ZDV DGGHG  ([SHULPHQW E ZDV FDUULHG RXW WR IXUWKHU RSWLPLVH WKH SURFHVV E\
VWXG\LQJWKHDGGLWLRQRI%6*XVLQJGLIIHUHQWFRQFHQWUDWLRQVRIGLHVHO7KHGHVFULSWLRQ
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)URP 7DEOH  WUHDWPHQW  FRQWDLQV  NJ RI VRLO RQO\ DQG KDV QR GLHVHO RU DQ\
%6* ,Q WUHDWPHQW   NJ RI VRLO ZDV VSLNHG ZLWK  GLHVHO YZ 7KH
FRPSRVLWLRQRIWUHDWPHQWZDVPDGHXSRINJRIVRLOVSLNHGE\GLHVHOYZ
ZLWK WKHDGGLWLRQRIJRI%6* ,Q WUHDWPHQW GLHVHO YZDQGJRI
%6* ZDV DGGHG WRJHWKHU ZLWK D PLFURELDO FRQVRUWLD DW WKH UDWH RI  FPV RI WKH
PDWXUHFXOWXUHWRJRIVRLO7UHDWPHQWFRQWDLQVVRLOZLWKGLHVHOYZLQ
DGGLWLRQ WRJRI%6*DQGFPVRI WKHPDWXUHFXOWXUH WRJRIVRLO7KH
FRQVRUWLDLQWUHDWPHQWDQGZDVVSUD\HGRQWRWKHVRLODQGWKHQPL[HGHYHQO\7KH
EDFWHULD XVHG LQ WKH VWXG\ DUH $FKURPREDFWHU FOHYODQGLL DQG 6WHDURWKHUPRSKLOOXV
UKL]RSKLOD 7KH VWUDLQV ZHUH VXSSOLHG E\ 3DWWDQDWKX 5DKPDQ IURP 7HHVVLGH
8QLYHUVLW\ DQG KDG SUHYLRXVO\ EHHQ FKDUDFWHULVHG DV K\GURFDUERQ GHJUDGLQJ
PLFURRUJDQLVPV LVRODWHG IURP FRQWDPLQDWHG ULYHU VHGLPHQW 7KH OD\RXW RI WKH VRLO
XVHGLVVKRZQEHORZLQ)LJ 








ZLWK *RUHWH[ ILEUH WR SUHYHQW HYDSRUDWLRQ RI WKH GLHVHO DQG LQFXEDWHG DW URRP






























LQLWLDOKHLJKWDV WKHEDVHOLQHDQGPHDVXUHGDJDLQVWVXEVHTXHQW UHGXFWLRQ LQKHLJKW
RYHU WLPH7KHUHZDVDUHGXFWLRQRI73+DWGD\IRUWKH WUHDWPHQWZLWKVRLO
SOXVGLHVHODQG WKHDGGLWLRQRI FRQVRUWLXPEURXJKWDERXWDUHGXFWLRQ LQ73+
 ? ? 
 
7KH LQWURGXFWLRQ RI %6* WR WKH FRQVRUWLXP UHVXOWHG LQ D  UHGXFWLRQ DQG WKH
WUHDWPHQWZLWKVRLOSOXVGLHVHOSOXV%6*DOVR UHFRUGHGDUHGXFWLRQ$WGD\
WKHWUHDWPHQWZLWKVRLOSOXVGLHVHOVKRZQDUHGXFWLRQRIDQGWKHWUHDWPHQWZLWK
VRLO SOXV GLHVHO SOXV FRQVRUWLXP KDV D UHGXFWLRQ RI  EXW WKH DGGLWLRQ RI %6*
EURXJKWDERXWDQUHGXFWLRQ LQ WKH WRWDOSHDNKHLJKW:KLOVW WKH WUHDWPHQWZLWK
VRLOSOXVGLHVHOSOXV%6*UHFRUGHGDQUHGXFWLRQDWGD\ 
$W GD\  WKH WUHDWPHQW ZLWK VRLO SOXV GLHVHO KDV D UHGXFWLRQ RI  ZKLOVW WKH
DGGLWLRQ RI FRQVRUWLXP OHG WR D IXUWKHU UHGXFWLRQ RI  DQG WKH DGGLWLRQ RI %6*
UHVXOWHG LQ DQ  UHGXFWLRQ7KH WUHDWPHQW ZLWK VRLO SOXV GLHVHO SOXV %6* KDV D
73+UHGXFWLRQRIDWGD\ 
)LQDOO\DWGD\WKHWUHDWPHQWRIVRLOSOXVGLHVHOKDVDWRWDOUHGXFWLRQRIDQG





















6'&      
6'&%6*      
6RLO'%6*      
7UHDWPHQWW\SHV 6RLO'&IRUGD\ 6RLO'&IRUGD\ 6RLO'&IRUGD\ 6RLO'&IRUGD\ 6RLO'&IRUGD\ 
6'&%6*      
















 ? ? 
 
'D\ 
7KHUH ZDV QR VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH EHWZHHQ JURXSV IRU WKH PHDQ RI
YDULRXV WUHDWPHQW W\SHV DV GHWHUPLQHG E\ RQH-ZD\$129$ )    S  
 7KH SRVW KRF /6' WHVW UHYHDOHG WKDW WKHUH ZDV QR VLJQLILFDQW GLIIHUHQFH
EHWZHHQWKHWRWDOSHDNKHLJKWIRUWUHDWPHQWZLWKVRLOSOXVGLHVHODQGVRLOSOXVGLHVHO
SOXVFRQVRUWLXPS DQG WUHDWPHQWZLWKVRLOSOXVGLHVHOSOXVFRQVRUWLXPSOXV
%6*S DQGWUHDWPHQWZLWKVRLOSOXVGLHVHOSOXV%6*S  
7KH WUHDWPHQW ZLWK VRLO SOXV GLHVHO SOXV FRQVRUWLXP GLG QRW VWDWLVWLFDOO\ GLIIHU IURP










SOXV%6*S DQGWUHDWPHQWZLWKVRLOSOXVGLHVHOSOXV%6*S  
7KHUHZDVQRVWDWLVWLFDOO\VLJQLILFDQWGLIIHUHQFHLQWRWDOSHDNKHLJKWIRUWUHDWPHQWZLWK
VRLO SOXV GLHVHO SOXV FRQVRUWLXP DQG WUHDWPHQW ZLWK VRLO SOXV GLHVHO SOXV %6* S  
7KHUHZDVQRVLJQLILFDQWGLIIHUHQFHEHWZHHQWKHWUHDWPHQWZLWKVRLOSOXVGLHVHO
SOXVFRQVRUWLXPSOXV%6*DQG WUHDWPHQWZLWKVRLOSOXVGLHVHOSOXV%6*S 
+RZHYHU WKH WUHDWPHQW ZLWK VRLO SOXV GLHVHO SOXV FRQVRUWLXP SOXV %6* ZDV
VLJQLILFDQWO\ORZHULQWRWDOSHDNKHLJKW0 6'6(ZKHQFRPSDUHGWRWKH
WUHDWPHQWRIVRLOSOXVGLHVHOSOXVFRQVRUWLXP0 6'6(S  
'D\ 
7KHUH ZDV D VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH EHWZHHQ WKH JURXS PHDQ DV
GHWHUPLQHGE\RQH-ZD\$129$)   S 3RVWKRF /6' WHVW
UHYHDOHGWKDWWKHWUHDWPHQWZLWKVRLOSOXVGLHVHOZDVVLJQLILFDQWO\KLJKHULQWRWDOSHDN




SOXVGLHVHOSOXV%6*0 6'6(S  
+RZHYHU WKHUH ZDV QR VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH EHWZHHQ VRLO SOXV GLHVHO
SOXV FRQVRUWLXPDQG WUHDWPHQWZLWK VRLO SOXVGLHVHO S DQG WUHDWPHQW ZLWK







WUHDWPHQWZLWKVRLOSOXVGLHVHOZDVVLJQLILFDQWO\KLJKHU LQ WRWDOSHDNKHLJKW 0 
6'  6(  FRPSDUHG WR WUHDWPHQWV ZLWK VRLO SOXV GLHVHO SOXV FRQVRUWLXP SOXV
%6*0 6'6(S DQGWUHDWPHQWZLWKVRLOSOXVGLHVHOSOXV%6*
0 6'6(S  
+RZHYHU WKHUH ZDV QR VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH EHWZHHQ VRLO SOXV GLHVHO
SOXVFRQVRUWLXPFRPSDUHGWRWUHDWPHQWZLWKVRLOSOXVGLHVHOS DQGWUHDWPHQW
ZLWKVRLOSOXVGLHVHOSOXVFRQVRUWLXPSOXV%6*S DQGWUHDWPHQWZLWKVRLOSOXV
GLHVHO SOXV %6* S    7KHUH ZDV QR VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH LQ





WUHDWPHQWZLWKVRLOSOXVGLHVHOZDVVLJQLILFDQWO\KLJKHU LQ WRWDOSHDNKHLJKW 0 
6'  6(  FRPSDUHG WR WUHDWPHQW ZLWK VRLO SOXV GLHVHO SOXV FRQVRUWLXP SOXV
%6*0 6'6(S DQGWUHDWPHQWZLWKVRLOSOXVGLHVHOSOXV%6*
0 6'6(S  
+RZHYHU WKHUH ZDV QR VLJQLILFDQW GLIIHUHQFH LQ WRWDO SHDN KHLJKW EHWZHHQ WKH







7KH DERYH UHVXOWV 7DEOH  LQGLFDWH WKDW WKHUH ZHUH GLIIHUHQFHV LQ WKH 73+
UHGXFWLRQDPRQJVWWUHDWPHQWW\SHV7KHRQH-ZD\$129$WHVWFDUULHGRXWRQWKHGDWD




WKH WZR DJDU PHGLD 5$ DQG RLO DJDU 0LFURELDO FRXQWV ZHUH SHUIRUPHG RQ WZR
VXEVWUDWHV5$$JDUDQGRLOPHGLDZLWKK\GURFDUERQDVD IRRGVRXUFH IXOO GHWDLOV
FDQEHIRXQGLQ&KDSWHU$VXPPDU\RIWKHPHDQYDOXHVIRUERWKDJDUSODWHVDUH
UHSUHVHQWHGLQ7DEOHORJWUDQVIRUPHG 






Sampling days (log transformed) 
counts 
Day1 Day 14 Day 28 Day 60 
Soil only Oil 
 
0 0 0 0 
R2A 
 
7.53 6.73 7.11 6.88 
Soil + diesel Oil 
 
0 0 6.30 0 
R2A 
 
8.00 8.35 8.11 7.84 





0 5.89 0 0 
R2A 
 
7.89 8.46 7.85 7.52 




Oil 6.56 6.72 7.04 5.00 
R2A 8.64 8.51 8.25 8.41 
Soil + diesel 
+ BSG 
Oil 6.63 6.77 7.31 0 
R2A 7.97 8.73 8.70 8.54 
 BSG = Brewery spent grain. 
 
Table 4.3: Summary of CFU Enumeration of soil samples for R2A and oil agar 
plates for Day 1, 14, 28 and 60 represented in count/Log. 
 
7DEOH  VKRZV WKH UHVXOWV IRU PLFURELDO SRSXODWLRQV RI WKH ILYH WUHDWPHQW W\SHV
LQFOXGLQJWKHFRQWUROVRLO7KHUHVXOWVVKRZWKHUHODWLRQVKLSEHWZHHQ5$DQGRLODJDU
LQ HDFK WUHDWPHQW IURP 'D\  WR  7KH RLO DJDU ZKLFK FDQ EH WHUPHG WKH
K\GURFDUERQXWLOL]LQJEDFWHULD+8%VKRZHG]HURJURZWKIRUFRQWUROVRLOZKLOVW5$
DJDU UDQJHG IURP  WR  IURP 'D\  WR 7KH FRXQWV RI 5$ DJDU IRU WKH
 ? ? 
 
WUHDWPHQWVZLWKVRLODQGGLHVHOUDQJHGIURPWRZKLOVWRLODJDUFRXQWVZHUH
RQO\ UHFRUGHG RQ 'D\  &RXQWVRI K\GURFDUERQGHJUDGLQJ EDFWHULD +8% LQ WKH
WUHDWPHQW ZLWK VRLO SOXV GLHVHO SOXV FRQVRUWLXP VKRZHG D FRXQW RI  DW 'D\ 






&RQVHTXHQWO\ WKH FRXQWV RQ FRQWDPLQDWHG VRLO ZHUH KLJKHU WKDQ WKH FRQWURO VRLO
ZKLFKGRHVQRWKDYHDQ\%6*RUFRQVRUWLXPLQERWK5$DQGRLODJDU$GGLWLRQDOO\
WKH FRXQWV RQ WKH WUHDWPHQW ZLWK %6* ZHUH KLJKHU WKDQ WUHDWPHQW ZLWK QR %6*
7UHDWPHQWV ZLWK %6* UHFRUGHG KLJKHU FRXQWV RQ ERWK 5$ DQG RLO DJDU WKDQ WKH
WUHDWPHQWZLWKVRLODQGGLHVHODQGWKHFRQVRUWLXP 
6WDWLVWLFDOUHVXOWVRIPLFURELDOFRXQWV 
7KH UHVXOWV IURP 7DEOH  EHORZ LQGLFDWH WKDW WKHUH ZHUH GLIIHUHQFHV LQ PLFURELDO




 ? ? 
 
 'DWDVHWIRUSYDOXHIRUGD\WRQ  
7UHDWPHQWW\SHV 6RLORQO\IRUGD\ 6RLORQO\IRUGD\ 6RLORQO\IRUGD\ 6RLORQO\IRUGD\ 
6R'     
6'&     
6'&%6*     
6'%6*     
7UHDWPHQWW\SHV 6RLO'IRUGD\ 6RLO'IRUGD\ 6RLO'IRUGD\ 6RLO'IRUGD\ 
6'&     
6RLO'&%6*     
6RLO'%6*     
7UHDWPHQWW\SHV 6RLO'&IRUGD\ 6RLO'&IRUGD\ 6RLO'&IRUGD\ 6RLO'&IRUGD\ 
6RLO'&%6*     
6RLO'%6*     
 6RLO'&%6* 6RLO'&%6* 6RLO'&%6* 6RLO'&%6* 
6RLO'%6*     









E\RQH-ZD\$129$)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WKLV H[SHULPHQW ZDV WR IXUWKHU LQYHVWLJDWH WKH XVH RI %6* LQ WKH ELRUHPHGLDWLRQ
SURFHVV ,QRUGHU WRDFKLHYH WKLV WZR WUHDWPHQWVZHUH LQYHVWLJDWHG - WUHDWPHQWZLWK
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the soil 

































Table 4.6: Composition of the different treatments incubated in the laboratory 
including soil only treatment (control), soil plus diesel (10,000 mg kg-1 soil), soil 
plus diesel (10,000 mg kg-1) plus 200 g brewery spent grain and soil plus 200 g 
brewery spent grain (control) 
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$W GD\  WKHUH ZDV D UHGXFWLRQ RI  LQ WKH WUHDWPHQW ZLWK VRLO SOXV GLHVHO WKH
DGGLWLRQ RI %6* EURXJKW DERXW D  UHGXFWLRQ 7KH 73+ UHGXFWLRQ LQFUHDVHG WR
DWGD\DQGDWGD\DQGWKHDGGLWLRQRI%6*UHVXOWHGLQDDQG
 UHGXFWLRQ UHVSHFWLYHO\ 7KH H[WUDFWV IURP WKH FKURPDWRJUDP DUH VKRZQ LQ
)LJXUHVDQGIRUWKHWZRWUHDWPHQWW\SHV 
   
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)LJXUHVDQGVKRZ WKH UHGXFWLRQSDWWHUQVRI WKHGLHVHOFRPSRXQGVZLWK WKH
KLJKPROHFXODUZHLJKWVH[SHFWHGWRWDNHDORQJHUWLPHWRGHJUDGH7KHOLJKWIUDFWLRQV
DUHH[SHFWHGWRGHJUDGHZLWKLQWKHHDUO\VWDJHRIELRUHPHGLDWLRQ%HQWRHWDO
,Q WKHVWXG\UHSRUWHGKHUH LWZDVREVHUYHG LQ WKH*&PRQLWRULQJ WKDW WKHUHZDVDQ
LQFUHDVHLQWKHQXPEHURIORZPROHFXODUZHLJKWVK\GURFDUERQVZLWKLQGD\VRIWKH
H[SHULPHQW VXJJHVWLQJ WKDW WKH KLJKHU PROHFXODU ZHLJKWV ZHUH EURNHQ GRZQ
UHVXOWLQJ LQ DQ LQFUHDVHG QXPEHU RI ORZHU PROHFXODU ZHLJKWV K\GURFDUERQV 7KH
LQFUHDVH LQ WKHQXPEHUZDVTXDOLWDWLYHO\REVHUYHGWREHJUHDWHU LQVRLO WUHDWHGZLWK
%6* WKDQ VRLO ZLWKRXW %6* 7KLV VWXG\ FKDUDFWHULVHG WKH K\GURFDUERQ GHJUDGLQJ









WKH KLJK SHUFHQWDJH RI GLHVHO-GHJUDGLQJ PLFURRUJDQLVPV LQGLFDWHV WKDW WKHUH DUH
PRUH KHWHURWURSKLF PLFURRUJDQLVPV LQ WKH VRLO WUHDWHG ZLWK %6* WKDQ VRLO ZLWKRXW
%6* VXJJHVWLQJ WKH SRSXODWLRQ RI RLO GHJUDGLQJ PLFURRUJDQLVPV LQIOXHQFHG WKH





7KH UHGXFWLRQ SDWWHUQ IRU ERWK WUHDWPHQW W\SHV KDV SUHYLRXVO\ EHHQ SUHVHQWHG DV
SHUFHQWDJHV $W GD\  WKH WUHDWPHQW ZLWK VRLO SOXV GLHVHO UHVXOWHG LQ 
GHJUDGDWLRQDQGWKH LQWURGXFWLRQRI%6*EURXJKWDERXWDIXUWKHUUHGXFWLRQ WR
 ? ? 
 
7KH VWDWLVWLFDO DQDO\VLV FDUULHG RXW RQ WKH RULJLQDO GDWD VKRZHG WKDW WKHUH ZDV D
VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH EHWZHHQ WKH WUHDWPHQW ZLWK VRLO SOXV GLHVHO DQG
WUHDWPHQWZLWKVRLOSOXVGLHVHOSOXV%6*S  
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$Q LQGHSHQGHQW-VDPSOH W-WHVW LQGLFDWHG WKDW WKH WRWDO SHDN KHLJKW ZDV VWDWLVWLFDOO\
KLJKHU LQ WKH WUHDWPHQW ZLWK VRLO SOXV GLHVHO 0    6'    FRPSDUHG WR WKH
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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KLJKHU LQ WKH WUHDWPHQW ZLWK VRLO SOXV GLHVHO 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GLIIHUHQFHEHWZHHQWKHWRWDOSHDNKHLJKWIRUWKHWUHDWPHQWZLWKVRLOSOXVGLHVHO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6' FRPSDUHGWRWKHWUHDWPHQWZLWKVRLOSOXVGLHVHOSOXV%6*0 6' 
WS  
'D\ 
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EHWZHHQWKHWZRWUHDWPHQWW\SHV,WUHYHDOHGWKDW 
'D\ 
7KHUH ZDV QR VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH EHWZHHQ WKH WRWDO SHDN KHLJKW IRU
WUHDWPHQWZLWKVRLOSOXVGLHVHO0GQ Q 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0GQ Q 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$ 0DQQ-:KLWQH\ 8 WHVW LQGLFDWHG WKDW WKH WUHDWPHQW ZLWK VRLO SOXV GLHVHO ZDV
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8 ] S  
'D\ 
$ 0DQQ-:KLWQH\ 8 WHVW LQGLFDWHG WKDW WKH WUHDWPHQW ZLWK VRLO SOXV GLHVHO ZDV
VLJQLILFDQWO\KLJKHU LQ WRWDOSHDNKHLJKW 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0GQ Q 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SOXVGLHVHOSOXV%6*0GQ Q 8 ] 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$ 0DQQ-:KLWQH\ 8 WHVW LQGLFDWHG WKDW WKH WUHDWPHQW ZLWK VRLO SOXV GLHVHO ZDV
VLJQLILFDQWO\KLJKHU LQ WRWDOSHDNKHLJKW 0GQ Q  FRPSDUHG WR WUHDWPHQW







LQGLFDWH WKRVH EDFWHULD FDSDEOHRIXVLQJ GLHVHO DVD VXEVWUDWH7KH UHVXOWV RI 5$
DQG2LODJDUDUHUHSRUWHGLQ7DEOHEHORZLQWKHLUUHVSHFWLYHORJIRUP 
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7KHUHVXOWVIURP7DEOHVKRZHGWKDWWKHUHZHUHPLFURELDOFRXQWVRQ5$DJDULQ
DOO WKH WUHDWPHQWVIURPGD\ WRGD\7KHFRXQWVUHFRUGHG LQ WKH WUHDWPHQWZLWK




2Q WKHRWKHU KDQG WKH UHVXOWV IURPRLO DJDU UHFRUGHG IURP GD\  WR GD\  YDULHG







Bacteria counts at sampling days 
Day1 Day 14 Day 28 Day 60 Day 74 Day 90 
Soil only Oil 
 
0 2.00 0 0 0 0 
R2A 
 
7.40 7.58 7.15 8.10 6.87 7.05 
Soil + diesel Oil 
 
2.00 2.74 3.18 3.28 2.95 2.00 
R2A 
 
7.59 7.65 7.91 8.03 7.29 7.22 




3.34 4.09 4.73 4.67 4.00 3.18 
R2A 
 
7.77 8.40 8.56 8.00 7.31 7.23 
BSG = brewery spent grain 
Oil/R2A = Count/Log 
 
Table 4.8: Summary of CFU enumeration of soil samples for R2A and oil agar plates for day 
1, 14, 28, 60, 74 and 90 evaluated in count/log. 
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6WDWLVWLFDODQDO\VLVRIPLFURELDOSRSXODWLRQV 
7KH UHVXOWV IURP 7DEOH  LQGLFDWH WKDW WKHUH ZHUH GLIIHUHQFHV LQ PLFURELDO







































































   
7DEOH5HVXOWVRI0LFURELDOFRXQWVIURPRQH-:D\$129$SRVWKRF/6'DSDUDPHWULFWHVWFDUULHGRXWRQWUHDWPHQWZLWKVRLO
RQO\WUHDWPHQWFRQWUROVRLOSOXVGLHVHOWUHDWPHQWDQGVRLOSOXVGLHVHOSOXV%6*















0 6' 6( DVFRPSDUHGWR WKH WUHDWPHQWZLWKVRLOSOXVGLHVHO
SOXV %6* 0    6'    6(    S    +RZHYHU WKHUH ZDV QR




7KHUH ZDV D VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH EHWZHHQ WKH JURXS PHDQ DV
GHWHUPLQHGE\RQH-ZD\$129$)   S 3RVWKRF /6' WHVW
UHYHDOHG WKDW WKHPLFURELDOSRSXODWLRQV LQ WKH WUHDWPHQW ZLWKVRLORQO\ FRQWUROZDV
VLJQLILFDQWO\ ORZHU0 6' 6( FRPSDUHGWRWUHDWPHQWZLWKVRLO
SOXVGLHVHO0 6' 6( S DQGWUHDWPHQWZLWKVRLOSOXV
GLHVHOSOXV%6*0 6' 6( S +RZHYHUWKHUHZDVQR




E\RQH-ZD\$129$) S 3RVWKRF/6'WHVW UHYHDOHG WKDW
 ? ? ?
 
PLFURELDOSRSXODWLRQV LQ WKH WUHDWPHQWZLWKVRLORQO\ZDVQRWVLJQLILFDQWO\KLJKHUDV
FRPSDUHG WR WUHDWPHQWZLWK VRLO SOXVGLHVHOS DQG WUHDWPHQWZLWK VRLO SOXV
GLHVHO SOXV %6* S    7KHUH ZDV DOVR QR VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH












WUHDWPHQW ZLWK VRLO RQO\ GLG QRW GLIIHU VWDWLVWLFDOO\ LQ PLFURELDO SRSXODWLRQV DV
FRPSDUHG WR WUHDWPHQWZLWK VRLO SOXVGLHVHOS DQG WUHDWPHQWZLWK VRLO SOXV
GLHVHOSOXV %6* S  7KHUH ZDV DOVR QR VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFH LQ
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DQG ELRORJLFDO PHWKRGV &/$,5(  DQG ($ E KRZHYHU HIIHFWLYH
ELRUHPHGLDWLRQ FDQQRW EH PHDVXUHG XVLQJ D VLQJOH SDUDPHWHU 6HYHUDO PHWKRGV
XVHG WR DVVHVV PLFURELDO DFWLYLWLHV KDYH SURYLGHG D PHDQLQJIXO PHWKRG RI
FKDUDFWHULVLQJPLFURELDOFRPPXQLWLHVGXULQJELRUHPHGLDWLRQ7KHVHLQFOXGHPLFURELDO
HQXPHUDWLRQ VRLO UHVSLUDWLRQ DQG HQ]\PH DFWLYLW\ VXFK DV GHK\GURJHQDVH
SKRVSKDWH DVVD\ DQG SURWHDVHV 0DUJHVLQ  0HDVXUHV VXFK DV PLFURELDO
ELRPDVVDQGHQ]\PHDFWLYLW\FRXOGEHVHHQDVDSRVVLEOHPHDQVRIHYDOXDWLQJ WKH
KHDOWK\ QDWXUH RI WKH VRLO DQG WKH SRWHQWLDO VXFFHVV RI ELRUHPHGLDWLRQ 'LFN DQG
7DEDWDEDL 'DGUDVQLDDQG$JDPXWKX XVHGPLFURELDOHQXPHUDWLRQ WR
HYDOXDWHWKHELRUHPHGLDWLRQRIGLHVHO-FRQWDPLQDWHGVRLOZKHUHRUJDQLFZDVWHVZHUH





SURJUHVV RI ELRUHPHGLDWLRQ ($ D WKHVH LQFOXGH GRFXPHQWHG ORVV RI
FRQWDPLQDQWV IURP WKH VLWH ODERUDWRU\ DVVD\V ZKLFK VKRXOG VKRZ WKDW WKH






7KHUHIRUH WKH SXUSRVH RI WKLV VHFWLRQ LV WR GLVFXVV WKH UHVXOWV REWDLQHG IURP WKH
ODERUDWRU\ H[SHULPHQWV RQ GLIIHUHQW ELRUHPHGLDWLRQ SURFHVVHV LQ DGGLWLRQ WR WKHLU
ELRORJLFDODFWLYLWLHVZLWK UHJDUG WR WKHLUXVHIXOQHVV IRUPRQLWRULQJDQGIRUDVVHVVLQJ




 ? ? ?
 
0LFURELDODQDO\VLV 
7KH FRPSRVLWLRQ RI PLFURELDO SRSXODWLRQV LQ VRLOV DW FRQWDPLQDWHG VLWHV FDQ EH
DIIHFWHGE\WKHFRPSRVLWLRQRIWKHK\GURFDUERQVLQWKHVRLO$GPRQ$GGLWLRQ
RIGLHVHO WRVRLOVSURYLGHVDVRXUFHRIFDUERQIRUDQ\PLFUR-RUJDQLVPVSUHVHQWEXW













%6* EXW WKHUH ZDV QR VLJQLILFDQW GLIIHUHQFH EHWZHHQ WKHVH WUHDWPHQWV H[FHSW RQ
GD\VDQGS +RZHYHUWKHGLIIHUHQFHVEHWZHHQWKHWUHDWPHQWVLQERWK




DPHQGPHQW LV H[SHFWHG EHFDXVH KLJKHU DPRXQWV RI HOHFWURQ GRQRUV IURP WKH
K\GURFDUERQ VXEVWUDWH FDQ VXSSRUW ODUJHU SRSXODWLRQV RI PLFURRUJDQLVPV 7KLV
FRXSOHG ZLWK WKH DGGLWLRQ RI %6* ZKLFK PD\ EULQJ DGGLWLRQDO EDFWHULD PD\ DOVR
H[SODLQ WKH KLJKHU PLFURELDO FRXQWV ZLWK WUHDWPHQW ZLWK %6* ,Q GHWHUPLQLQJ WKH
SRVVLELOLW\RIELRUHPHGLDWLRQLQK\GURFDUERQFRQWDPLQDWHGVRLOWKH86(3$8QLWHG




 ? ? ?
 
+RZHYHU WKHUH DUH OLPLWDWLRQV WR WKH XVH RI SODWH FRXQW PHWKRGV WR TXDQWLI\ WKH
SRSXODWLRQ DQG DFWLYLW\ RI VRLO PLFURRUJDQLVP LQ WKH VWXG\ 7KLV PHDQV LQFUHDVHG
QXPEHUV RI PLFURRUJDQLVPV LQ D SDUWLFXODU WUHDWPHQW VKRXOG QRW EH DVVXPHG WR
LQGLFDWHWKHSUHVHQFHRIPLFUREHVWKDWFDQGHJUDGHWKHFRQWDPLQDQWVSUHVHQWRUDV
VWURQJHYLGHQFHRIELRUHPHGLDWLRQRFFXUULQJ8VLQJ5$DJDUSODWHFRXQWVFRXOGEH
PLVOHDGLQJ EHFDXVH RI WKH WKRXVDQGV RI GLIIHUHQW EDFWHULDO VSHFLHV LQ RQH JUDP RI
VRLO RI ZKLFK OHVV WKDQ  FRXOG EH FXOWXUDEOH 5RVVHOOR-0RUD DQG$PDQQ






EDFWHULD DV UHSRUWHG E\ 'DGUDVQLD DQG $JDPXWKX   +HQFH WKH UHVXOWV
REWDLQHGZLWKWKLVPHGLDZHUHXVHGWRHYDOXDWHWKHELRGHJUDGDWLRQSRWHQWLDOVRIWKH
EDFWHULDLQWKHGLHVHOFRQWDPLQDWHGVRLO7KHVHK\GURFDUERQGHJUDGLQJEDFWHULDZHUH
FRPSDUDEOHWR WKH5$DJDU LQDOO WKH WUHDWPHQW W\SHV7KHGLIIHUHQFHEHWZHHQWKH




RLO DJDUZHUH KLJKHU LQ WUHDWPHQWV ZLWK %6* FRPSDUHG WR WUHDWPHQWV ZLWKRXW %6*
H[SHULPHQWV DDQG E UHVSHFWLYHO\ ,Q WKHSUHVHQWVWXG\ WKH UHDVRQVDWWULEXWHG WR
KLJKHUFRXQWVRIEDFWHULD LQ5$DQGRLODJDU LQVRLOZLWK%6*FRXOGEHGXH WR WKH
SUHVHQFHRIFRQVLGHUDEOHTXDQWLWLHVRIQLWURJHQDQGSKRVSKRUXVLQWKHVRLOZLWK%6*
ZKLFK DUH UHTXLVLWH QXWULHQWV IRU EDFWHULD ELRGHJUDGDWLYH DFWLYLWLHV $GHVRGXQ DQG
0EDJZX 
%6* LV D EHYHUDJH LQGXVWU\ E\-SURGXFW KDYLQJ IRRG FKDUDFWHULVWLFV LW LV XVHG LQ
DJULFXOWXUH EHFDXVH RI LWV KLJK RUJDQLF PDWWHU DQG LV NQRZQ WR FRQWDLQ VLJQLILFDQW
HQHUJ\ UHVRXUFHV IURP LWV RUJDQLF FRQWHQW 7KRPDV DQG 5DKPDQ  DQG VRLO
RUJDQLF PDWWHU FRQWHQW DQG ELRPDVV DUH UHODWHG WR PLFURELDO DFWLYLWLHV *DUFLD-*LOO
7KH%6*PD\SURYLGHRUJDQLFPDWHULDOVXLWDEOHIRUEDFWHULDOJURZWKDQGWKH





,Q DGGLWLRQ WKH UHVXOWV RI PLFURELDO FRXQWV LQ WKH WZR H[SHULPHQWV VKRZHG WKDW
PLFURRUJDQLVPVFDSDEOHRIXVLQJWKHGLHVHODVDQXWULHQWVRXUFHZHUHRQO\ LVRODWHG
IURPWKHFRQWDPLQDWHGVRLOZLWKGLHVHODQGVRLO WUHDWHGZLWKGLHVHODQG%6*7KHVH
RUJDQLVPV ZHUH UDUHO\ IRXQG LQ VRLO ZLWKRXW K\GURFDUERQ RU WUHDWPHQW ZLWKRXW
DPHQGPHQW ,QH[SHULPHQW D WKH SUHVHQFH RI WKHPLFUREHV ZHUH ORZHUHG DFURVV




WR - UHFRUGHG IHZ RU QR FRXQWV LQ VRPH WUHDWPHQWV DV VKRZQ LQ WKH UHVXOWV
VHFWLRQ7KHUHIRUHDQLQFUHDVHLQGLOXWLRQVHULHVLQH[SHULPHQWEUHVXOWHGLQDKLJK
FRQFHQWUDWLRQ RI PLFUR-RUJDQLVPV ZLWK WKH WUHDWPHQW ZLWK %6* KDYLQJ KLJKHU
FRQFHQWUDWLRQVLQERWK5$DQGRLODJDUFRPSDUHGWRWUHDWPHQWZLWKRXW%6* 
S+YDOXHVDQGWHPSHUDWXUH 
+\GURFDUERQGHJUDGLQJEDFWHULDDUHNQRZQ WREHVHQVLWLYH WRS+ LQ WKHVRLOZKLFK
PD\GHSHQGRQELRWLFIDFWRUVVXFKDVQXWULHQWVDQGZDWHU0DUJHVLQDQG6FKLQQHU
 7KH RSWLPXP S+ YDOXH IRU RLO GHJUDGDWLRQ LV  WR  DQG WKH FRQGLWLRQ
UHTXLUHG IRUPLFURELDODFWLYLWLHV WR WKULYH LVEHWZHHQ WR 9LGDOL7KXV
VLPLODU YDOXHV ZHUH REVHUYHG LQ DOO WKH VRLO VDPSOHV GXULQJ WKH ELRUHPHGLDWLRQ
SURFHVV LQ H[SHULPHQWV D DQG E H[FHSW LQ WKH LQLWLDO VWDJH RI WKH WUHDWPHQW LQ
H[SHULPHQWEZKHUH WKHDGGLWLRQRI WKHGLHVHOKDGDVOLJKWHIIHFWRQVRLOS+6RLOV
DIIHFWHGE\FUXGHRLODUHH[SHFWHGWRKDYHDORZHUS+YDOXHWKDQVLPLODUXQDIIHFWHG
VRLOV 7KH UHDVRQ IRU ORZ S+ LV WKDW K\GURFDUERQV PD\ EH H[SHFWHG WR KDYH IUHH
FDWLRQV JLYLQJ WKHP WKH SURSHUWLHV RI D ZHDN DFLG 86 '2(  +RZHYHU WKH
DGGLWLRQRI%6*DQGRWKHU IDFWRUVVXFKDV WHPSHUDWXUHZHUHVHHQ WR UDLVH WKHS+
OHYHO7KLVVXJJHVWVWKDW%6*HQKDQFHVWKHFRPSRXQGVWKDWQHXWUDOLVHWKHDFLGLW\RI
WKHVRLOEURXJKWDERXWE\WKHGLHVHOFRQWDPLQDWLRQDVUHSRUWHGE\86'2( 
&KDQJHV LQ WHPSHUDWXUHV DUH NQRZQ WR DIIHFW WKH XWLOL]DWLRQ RI VXEVWUDWH ZLWKLQ
K\GURFDUERQ PL[WXUHV 0LWWDO DQG 6LQJK  DQG DOVR WHPSHUDWXUH FKDQJHV WKH










0RUH VR PLFUREHV WKDW DUH NQRZQ WR GHJUDGH K\GURFDUERQV QHHGV R[\JHQ WR
VXUYLYHLQWKHVWXG\R[\JHQOHYHOVZHUHQRWPHDVXUHGGLUHFWO\EXWDVXIILFLHQWOHYHO
RI VRLO DHUDWLRQ ZDV DFKLHYHG E\ WXUQLQJ WKH VRLO DQG WKH PRLVWXUH FRQWHQW ZDV
PDLQWDLQHGDFFRUGLQJO\7KXV WXUQLQJ WKH VRLO HQDEOHV WKH GLHVHODQG WKH VRLO%6*
PL[WXUHWRPL[DQGEHHYHQO\GLVWULEXWHGDVH[SHFWHGWKLVHQKDQFHVWKHSURFHVVE\
SURYLGLQJDQHQDEOLQJHQYLURQPHQW IRU WKHPLFUREHFRORQLHV WRKDYHYLDEOH FRQWDFW
ZLWK IRRG DQG QXWULHQWV  +HQFH LQ WKHVH H[SHULPHQWV FRQGLWLRQV ZHUH RSWLPLVHG
ZKLFKLVVRPHWKLQJWKDWPD\QRWKDSSHQLQWKHILHOGZKHUHHQYLURQPHQWDOFRQGLWLRQV
PD\ LPSDFW RQ WKH VXFFHVV RI DFKLHYLQJ D ELRUHPHGLDWLRQ WDUJHW ,W KDV EHHQ
UHSRUWHG WKDW ELRUHPHGLDWLRQ ZDV GHOD\HG DW D VLWH LQ WKH 86 E\ KLJK PRLVWXUH
FRQGLWLRQVGXHWRXQVHDVRQDEO\ZHWZHDWKHUIURP1RYHPEHUXQWLO-XQH
DQG VRLO WHPSHUDWXUH EHORZ & RU DERYH & FRXOG UHWDUG RU VWRS PLFURELDO
SURFHVVHV86'2( 
,QWKHVWXG\KHUHDFRQVLVWHQWYROXPHRIZDWHUZDVDGGHGWRWKHVRLOWRPDLQWDLQWKH
H[SHULPHQW DQG LQ DOO FDVHV WKLV ZDV  FPV IRU WUHDWPHQW ZLWKRXW %6* DQG 
FPV IRU WUHDWPHQW ZLWK %6* LQ  J RI VRLO ZKLFK LV OHVV WKDQ WKH ILHOG ZDWHU
KROGLQJFDSDFLW\7KH OHYHORIZDWHUDGGHGVKRZHG WKDW WKHVRLOZDVPRLVWEXWQRW
ZDWHUORJJHGDQGEHFDXVHZDWHUZDVDGGHGWZLFHZHHNO\ LQDGGLWLRQ WR WXUQLQJ WKH
VRLO WKH EDFWHULD LQ WKH VRLO ZHUH H[SHFWHG WR KDYH D YLDEOH FRQWDFW ZLWK WKH
FRQWDPLQDQWV +RZHYHU WKH XVH RI VXIILFLHQW ZDWHU WR PHHW WKH ZDWHU KROGLQJ
FDSDFLW\ DQG PDLQWDLQLQJ DOO HQYLURQPHQWDO FRQGLWLRQV PD\ IXUWKHU HQKDQFH WKH
EUHDNGRZQRI WKHGLHVHO FRQWDPLQDQWV)XUWKHU VWXGLHVDUHQHHGHG WRGHPRQVWUDWH
WKHSUDFWLFDOLW\RIWKHWHFKQLTXHXQGHUILHOGFRQGLWLRQ 
 
 ? ? ? 
 
7RWDOSHWUROHXPK\GURFDUERQ73+ 
3HWUROHXP K\GURFDUERQV VXFK DV GLHVHO FDQ EH LGHQWLILHG DQG TXDQWLILHG E\
FRPSDULQJ VDPSOH FKURPDWRJUDPV ZLWK FDOLEUDWLRQ RI WKH JDV FKURPDWRJUDSK ZLWK
GLHVHO %HQWR  FDOFXODWHG WKH SHUFHQWDJH GHJUDGDWLRQ RI GLHVHO RLO DV 73+
FRQWURO ± 73+ WUHDWPHQW73+ FRQWURO [  DQG WKH LQLWLDO K\GURFDUERQ YDOXHV
HVWDEOLVK WKHEDVHOLQHRU WKHVWDUWLQJSRLQW IRUDELRUHPHGLDWLRQSURMHFW 86'2(
 
,Q WKH SUHVHQW VWXG\ WKH SURJUHVV RI ELRUHPHGLDWLRQ ZDV PHDVXUHG E\ FDOFXODWLQJ




 WKHUHZDVDQ LQFUHDVLQJ UHGXFWLRQ LQ WKH73+XVLQJ WKH WRWDOSHDNKHLJKW LQDOO
WUHDWPHQWV ZLWK %6*FRQVRUWLXP DQG WUHDWPHQWV ZLWKRXW %6* 7KHUH DUH
GLVDGYDQWDJHVRIXVLQJWKHWRWDOSHDNEHFDXVHLWLVGLIILFXOWWRGHWHUPLQHWKHPDVVRI
FDUERQ KRZHYHU LW FRXOG EH XVHG WR FDOFXODWH WKH SHUFHQWDJH GHJUDGDWLRQ DQG
FRPSDUHG WR WKH H[WUDFW IURP WKH FKURPDWRJUDP WR VKRZ LI GHJUDGDWLRQ DFWXDOO\
RFFXUUHG 
,QWKHVWXG\KHUHSHUFHQWDJHUHGXFWLRQRIWRWDOSHDNKHLJKWZDVXVHGIRUWKHDPRXQW




IRU H[SHULPHQW D DQG E  7DEOH  DQG  KRZHYHU JLYHQ WKH  UHFRYHU\
OHYHO WKHPHDVXUDEOHFRQFHQWUDWLRQRIGLHVHO LQ WKHVRLO IRUH[SHULPHQWV DDQG E
ZHUH  PJ NJ- DQG  PJ NJ- UHVSHFWLYHO\ 7R WKLV HQG WKH SHUFHQWDJH
UHGXFWLRQ DQG WKH GHJUDGDWLRQ ZHUH EDVHG RQ WKHVH FRQFHQWUDWLRQ OHYHOV IRU ERWK
H[SHULPHQWV 
,QH[SHULPHQW D73+UHGXFWLRQZDVPHDVXUHGE\ WKH WRWDOSHDNKHLJKW LQDOO WKH
WUHDWPHQW W\SHV IURP GD\    DQG  7KLV ZDV FDOFXODWHG DV SHUFHQWDJH
GHJUDGDWLRQDVVKRZQ LQ)LJXUH 7KHSHUFHQWDJHGHJUDGDWLRQ IURPH[SHULPHQW
D VKRZHG WKDW DW GD\  WKH WUHDWPHQW ZLWK VRLO SOXV GLHVHO UHFRUGHG 
 ? ? ?
 
GHJUDGDWLRQ DQG WKH DGGLWLRQ RI FRQVRUWLXP UHVXOWHG LQ  GHJUDGDWLRQ ZKLOH WKH
DGGLWLRQ RI %6* UHVXOWHG WR IXUWKHU GHJUDGDWLRQ RI  ,Q H[SHULPHQW E 73+
UHGXFWLRQ ZDV DOVR FDOFXODWHG DV SHUFHQWDJH GHJUDGDWLRQ DQG UHGXFWLRQ ZDV
REVHUYHGLQDOO WUHDWPHQWVDWGD\DQGDV LQGLFDWHGLQ)LJXUH
7KHTXDOLWDWLYHREVHUYDWLRQRIWKHFKURPDWRJUDPIRUWUHDWHGVRLOSOXVGLHVHODQG
WUHDWHG VRLO SOXV GLHVHO SOXV %6* DUH VKRZQ LQ )LJXUH DQG )LJXUH  LQ WKH
UHVXOWV VHFWLRQ VKRZV WKDW WKH ORZHU PROHFXODU ZHLJKW PROHFXOHV EUHDNGRZQ PRUH
TXLFNO\ WKDQ WKRVH ZLWK D KLJK PROHFXODU ZHLJKW ZKLFK DUH FRQVLGHUHG WR EH
UHFDOFLWUDQW 7KH WUHDWPHQW ZLWK VRLO SOXV GLHVHO SOXV %6* UHVXOWHG LQ 
GHJUDGDWLRQ 7KH VWDWLVWLFDO DQDO\VLV IRU ERWK WUHDWPHQWV VKRZHG WKDW WKHUH ZDV D
VLJQLILFDQWGLIIHUHQFHEHWZHHQWKHWUHDWHGVRLOZLWK%6*DQGWUHDWHGVRLOZLWKRXW%6*
S  
7KH UHVXOWV IURP H[SHULPHQW D DQG E VKRZHG WKH HIIHFWLYH ELRUHPHGLDWLRQ RI
SHWUROHXPFRQWDPLQDWLRQ7KLV LVFRQWUDU\ WR WKHVWXG\RI%HQWR HWDO ZKLFK
FDUULHGRXWDFRPSDUDWLYHHYDOXDWLRQRIVRLOFRQWDPLQDWHGZLWKGLHVHOFROOHFWHGIURP
/RQJ%HDFK&DOLIRUQLD86$DQG+RQJ.RQJDQG&KLQD7KHWKUHHWHFKQRORJLHVRI
QDWXUDO DWWHQXDWLRQ ELRVWLPXODWLRQ DQG ELRDXJPHQWDWLRQ ZHUH HYDOXDWHG 1DWXUDO
DWWHQXDWLRQ ZDV WKH DELOLW\ RI WKH PLFUREHV SUHVHQW LQ WKH VRLO WR GHJUDGH WKH
FRQWDPLQDQWV:KLOVWELRVWLPXODWLRQLQYROYHGWKHDGGLWLRQRI1+DQG.+32DQG
ELRDXJPHQWDWLRQ ZDV WKH DGGLWLRQ RI D PLFURELDO FRQVRUWLXP IURP VHOHFWHG VSHFLHV
LVRODWHGIURPDFRQWDPLQDWHGVRLO 
$IWHU ZHHNV RI LQFXEDWLRQ DOO WKUHH WUHDWPHQW W\SHV VKRZHG GLIIHUHQW HIIHFWV RQ
WKHGHJUDGDWLRQRI73+ZLWKELRDXJPHQWDWLRQVKRZLQJ WKHJUHDWHVWGHJUDGDWLRQ  LQ
/RQJEHDFKVRLODQG+RQJ.RQJVRLO 1DWXUDODWWHQXDWLRQZDVPRUHHIIHFWLYH WKDQ
ELRVWLPXDWLRQDGGLWLRQRIQXWULHQWV7KHOLJKWIUDFWLRQ&±&GHJUDGDWLRQXVLQJ
ELRDXJPHQWDWLRQ LQ WKH /RQJ %HDFK VRLO ZDV  DQG ELRVWLPXODWLRQ DQG QDWXUDO
DWWHQXDWLRQ ZHUH  DQG  UHVSHFWLYHO\ :KLOVW LQ WKH +RQJ .RQJ VWXG\ VRLO
ELRDXJPHQWDWLRQZDVDQGELRVWLPXODWLRQDQGQDWXUDODWWHQXDWLRQZHUHDQG
DFFRUGLQJO\ 
,Q WKH SUHVHQW VWXG\ ELRVWLPXODWLRQ DGGLWLRQ RI %6* LQ H[SHULPHQW D ZDV PRUH
HIIHFWLYH WKDQ ELRDXJPHQWDWLRQ DGGLWLRQ RI FRQVRUWLXP ZKLFK ZDV D WUHDWPHQW
ZLWKRXW %6* 7KH UHDVRQV IRU WKLV FRXOG EH DWWULEXWHG WR GLIIHUHQW FRQGLWLRQV DQG
 ? ? ?
 
H[SHULPHQWDO GHVLJQ DV WKH K\GURFDUERQ GHJUDGLQJ EDFWHULD FRQVRUWLXP XVHG E\
%HQWRHWDO ZHUH WKRVHSUHYLRXVO\ LVRODWHG IURP/RQJ%HDFK&DOLIRUQLD  ,Q




RUJDQLF QXWULHQWV DV VXJJHVWHG E\ 'DGUDVQLD DQG$JDPXWKX  ,Q WKH VWXG\
UHSRUWHG E\ 'DGUDVQLD DQG$JDPXWKX  WHD OHDI VR\ FDNH DQG SRWDWR VNLQ
ZHUHXVHGWRDXJPHQWWKHELRUHPHGLDWLRQRIVRLOVSLNHGZLWKGLHVHOIRUDSHULRGRI
PRQWKV LQ WKH ODERUDWRU\7KHLU ILQGLQJV VKRZHG WKDW K\GURFDUERQ XWLOL]LQJ EDFWHULD
ZHUH PRUH DEXQGDQW LQ WKH GLHVHO SROOXWHG VRLO DPHQGHG ZLWK GLIIHUHQW RUJDQLF
ZDVWHVWKDQRIWKHXQDPHQGHGSROOXWHGVRLO 
$QRWKHUVWXG\FRQGXFWHGE\$PHKHWDOLQYHVWLJDWHGWKHHIIHFWRIHDUWKZRUPV
RQ WKH ELRUHPHGLDWLRQ RI VRLO FRQWDPLQDWHG ZLWK XVHG HQJLQH RLO DPHQGHG ZLWK
SRXOWU\PDQXUH7KHUHVXOWVRIWKHVWXG\VKRZHGWKDWWKHELRGHJUDGDWLRQUDWHRIWKH
RLO FRQFHQWUDWLRQ RI    DQG  JNJ RI VRLO FRUUHVSRQGHG WR HTXLYDOHQW
GHJUDGDWLRQRI73+E\DQGUHVSHFWLYHO\DIWHUGD\VRI
WUHDWPHQW 7KHVH UHVXOWV FDQ EH FRPSDUHG WR WKH XVH RI ELRGHJUDGDEOH ZDVWH WR




<DQJHWDODQG LWKDVEHHQVXJJHVWHG WKDW WKH UDWLRRI&13 UHTXLUHG IRU
HIIHFWLYH ELRUHPHGLDWLRQ ZDV  *KD]DOL HW DO  DQG LQ VRLOV
FRQWDPLQDWHG ZLWK GLHVHO WKH UDWLR 73+1 LV  LQGLFDWLQJ WKDW WKHVH VRLOV DUH
GHILFLHQW LQ QLWURJHQ 'HXHO  %6* ZKLFK LV NQRZQ WR KDYH D KLJK QXWULHQW
FRQWHQW 7KRPDV DQG 5DKPDQ  FRXOG EH WKH VRXUFH RI QXWULHQWV IRU
PLFURRUJDQLVPV 
,Q WHUPV RI K\GURFDUERQ EUHDNGRZQ RLO GHJUDGHUV DUH LQ PRVW FDVHV EDFWHULD WKDW
DGDSW WR XVH WKHVH K\GURFDUERQV DV D FDUERQ DQG HQHUJ\ VRXUFH ,Q WKH VWXG\
UHSRUWHG KHUH WKH PLFUR-RUJDQLVPV PD\ EH FDSDEOH RI XVLQJ WKH GLHVHO DV D IRRG
VRXUFH KRZHYHU XQOHVV JURZWK FRQGLWLRQV DUH RSWLPDO EDFWHULDO DGDSWLRQV FDQ EH
 ? ? ?
 
VORZ DQG WKH GHJUDGDWLRQ UHVXOWV DUH SRRU .DXSSL HW DO 7KH FDSDFLW\ RI D
PLFURELDO SRSXODWLRQ WR GHJUDGH SROOXWDQWV ZLWKLQ DQ HQYLURQPHQWDO PDWUL[ FDQ EH
HQKDQFHGE\WKHDGGLWLRQRIVSHFLILFPLFURRUJDQLVPVWRHQKDQFHWKHORFDOSRSXODWLRQ
RU E\ WKH RSWLPLVDWLRQ RI WKH VRLO FRQGLWLRQ IRU WKH PLFURELDO SRSXODWLRQV SUHVHQW
)DQWURXVVLDQG$JDWKRV%LRDXJPHQWDWLRQ DGGLWLRQRIFRQVRUWLXPDGRSWHG
LQ WKH VWXG\ LQYROYHG WZR WUHDWPHQW W\SHV ZLWK RQH LQYROYLQJ WKH PL[LQJ RI WKH
FRQVRUWLXPZLWKVRLODQGGLHVHODQGWKHRWKHUPL[LQJWKHFRQVRUWLXPZLWKVRLOGLHVHO
DQG %6* 7KH UHVXOW RI WKH PL[WXUH RI WKH FRQVRUWLXP ZLWK %6* KDG WKH VDPH
SHUFHQWDJHGHJUDGDWLRQRI73+DVWKHELRVWLPXDWLRQLQH[SHULPHQWD 
,Q WKH UHVXOWV UHSRUWHG KHUH %6* PD\ RSWLPLVH WKH FRQGLWLRQV E\ WKH DGGLWLRQ RI
LQRUJDQLFQXWULHQWVDVVXJJHVWHGE\$ELR\H7KLVZDVVHHQLQH[SHULPHQWD










7KHIXQFWLRQDO UHVSRQVHVRI WKHVRLOPLFURELDODFWLYLWLHV LQ WKH WUHDWPHQWVZLWK%6*
VKRZHGWKHG\QDPLFVRI WKHEDFWHULD LQWKHVRLODV LQGLFDWHGE\WKHRLODJDU LQERWK
H[SHULPHQWV 7KLV VXJJHVWV WKDW WKH %6* LV D SRWHQWLDO VRXUFH RI QXWULHQWV LQ
DXJPHQWLQJ WKH ELRUHPHGLDWLRQ SURFHVV LQ WKDW LW KDV DSSUHFLDEOH TXDQWLWLHV RI
QLWURJHQDQGSKRVSKRUXVZKLFKDUHQHFHVVDU\QXWULHQWVIRUELRGHJUDGDWLRQDFWLYLWLHV
$GHVRGXQDQG0EDJZX:KHQVLJQLILFDQWDPRXQWVRIRUJDQLF UHVLGXHVDUH
DGGHG WRSROOXWHGVRLO VXFKDVK\GURFDUERQ WKHUHZRXOGEHDQ LQFUHDVH LQR[\JHQ
GLIIXVLRQSRURVLW\RIWKHVRLODQGDGHTXDWHS+6HPSOHHWDO 
7KH %6* LV DVVRFLDWHG ZLWK KLJK ZDWHU DQG QLWURJHQ FRQWHQWV ZKLFK LV OLNHO\ WR
VXSSO\QXWULHQWV WR WKHPLFURELDOSRSXODWLRQSUHVHQW LQ WKHGLHVHOFRQWDPLQDWHGVRLO







,Q WKLV VWXG\ WKH DSSOLFDWLRQ RI WKH %6* DQG SURSHU PDLQWHQDQFH RI WKH
HQYLURQPHQWDOFRQGLWLRQVZHUHHVVHQWLDODVSHFWVIRUWUHDWLQJWKHVRLO7KHUHVXOWVRI





JUHDWHU JURZWK RI PLFUR-RUJDQLVPV RQ RLO DJDU LQGLFDWLQJ WKH SUHVHQFH RI EDFWHULD
FDSDEOHRIEUHDNLQJGRZQGLHVHODIWHUWUHDWPHQWZLWK%6*7KHXVHRI%6*WRDLGWKH




7KH DLP RI WKH ODERUDWRU\ IHDVLELOLW\ VWXG\ LV WR LGHQWLI\ OLPLWLQJ IDFWRUV DQG
UHFRPPHQGZD\VWRPLWLJDWHWKHVHOLPLWDWLRQVLQWKHILHOG,QWKLVVWXG\WKHODERUDWRU\
H[SHULPHQWLVSRWHQWLDOO\XVHIXOEHFDXVHLWZRXOGGHWHUPLQHKRZWRHQKDQFHWKHUDWH
RI ELRGHJUDGDWLRQ RI WKH GLHVHO FRQWDPLQDWHG VRLO XQGHU FRQWUROOHG FRQGLWLRQV 7KH
UHVXOWV FDQ EH XVHG WR SURYLGH LQIRUPDWLRQ RQ HVWLPDWHG FRVW DQG GXUDWLRQ RI WKH
WUHDWPHQW 
7KH QH[W FKDSWHUV ZLOO HYDOXDWH WKH HFRQRPLF DQG HQYLURQPHQWDO FRVWV ZLWK DQG















WKH VWXG\ LQFOXGLQJ MXVWLILFDWLRQ IRU WKH FRVWV DGRSWHG VHQVLWLYLW\ DQDO\VLV UHVXOWV
GLVFXVVLRQVDQGFRQFOXVLRQV 
7KHXVHRI%6*WRUHPHGLDWHGLHVHOFRQWDPLQDWHGVRLO 
7KHXVHRI%6*DVDQXWULHQW WRDXJPHQW WKHELRUHPHGLDWLRQRIFRQWDPLQDWHG ODQG
KDV EHHQ VKRZQ WR EH VXFFHVVIXO LQ WKH ODERUDWRU\ &KDSWHU  DQG DV VXFK LV D
SURPLVLQJWHFKQLTXHERWKIRUWKHUHPHGLDWLRQRIK\GURFDUERQFRQWDPLQDWHGVRLOVDQG
DVDQDOWHUQDWLYHGLVSRVDORSWLRQIRUWKH%6*7KHWHFKQLTXHLVUHODWLYHO\VLPSOHDQG
WKH %6* PD\ EULQJ DGGLWLRQDO QXWULHQWV WR WKH ELRUHPHGLDWLRQ SURFHVV +RZHYHU LW
ZRXOG RQO\ EH XVHG LQ SUDFWLFH LI WKH WHFKQLTXH ZDV IRXQG WR EH HFRQRPLFDOO\
IHDVLEOH 
$V WKH FRQWLQXHG GHYHORSPHQW RI JUHHQILHOG ODQG LV QRZ FRQVLGHUHG WR EH
XQVXVWDLQDEOH DQG WKH UHXVH RI EURZQILHOG VLWHV KDV SURYLGHG DQ DOWHUQDWLYH IRU
UHVLGHQWLDO RU FRPPHUFLDO GHYHORSPHQWV $WNLQVRQ DQG 'RLFN  WKH XVH RI
ELRUHPHGLDWLRQFRXOGSURYLGHDYLDEOHRSWLRQIRUWKHUHJHQHUDWLRQDQGUHGHYHORSPHQW
RIFRQWDPLQDWHGODQGDQGWKHFRQVWUXFWLRQRIORZFRVWXUEDQKRXVLQJXQLWV7KHXVH
RI %6* WR DXJPHQW WKH SURFHVV FRXOG UHGXFH WKH WLPH WDNHQ IRU WKH ELRORJLFDO
EUHDNGRZQ WR RFFXU 6WDNHKROGHUV LQ WKH 8. UHPHGLDWLRQ LQGXVWU\ DUH EHFRPLQJ
LQFUHDVLQJO\ IRFXVHGRQ WKHHFRQRPLFFRVWVRI UHPHGLDWLQJFRQWDPLQDWHG ODQGDQG
WKLV LV VHHQDVRQHRI WKHPDMRUGULYHUV LQ UHPHGLDWLQJFRQWDPLQDWHG ODQG 6X5)-
 
7KHUHDUH VRPHKDRIEURZQILHOG ODQG LGHQWLILHGDVSRVLQJD ULVN WRERWK
KXPDQ KHDOWK DQG WKH ZLGHU HQYLURQPHQW GXH WR FRQWDPLQDWLRQ LQFOXGLQJ
 ? ? ?
 
K\GURFDUERQ SROOXWLRQ LQ WKH 8. 'L[RQ HW DO  ,Q DGGLWLRQ WKH 8.
*RYHUQPHQWVHWDWDUJHWRIQHZKRPHVWREHEXLOWIURPWRLQWKH






WRWDO FRVWV RI XVLQJ %6* WR UHPHGLDWH FRQWDPLQDWHG ODQG 7KLV FRVW ZLOO WKHQ EH
FRPSDUHGWRWKHHFRQRPLFFRVWVRIRWKHUUHPHGLDWLRQRSWLRQV 
7KH IROORZLQJ VHFWLRQ ZLOO GHWHUPLQH WKH FRVW RI ELRUHPHGLDWLRQ XVLQJ %6* DQG
FRPSDUHWKHFRVWVWRRWKHUUHPHGLDWLRQPHWKRGV)LUVWO\DFRQFHSWXDOVLWHPRGHOZLOO
EH GHYLVHG UHSUHVHQWLQJ D W\SLFDO VLWH LQ WKH 8.7KH PRGHO ZLOO WKHQ EH XVHG WR
GHWHUPLQHWKHILQDQFLDOFRVWVDVVRFLDWHGZLWKELRUHPHGLDWLRQZLWKDQGZLWKRXW%6*
WRJHWKHUZLWKD UDQJHRIFRPPRQO\XVHG UHPHGLDWLRQRSWLRQV7KHFDVHVWXG\ZDV
GHYLVHGDIWHUFRQVXOWDWLRQZLWKD UDQJHRISUDFWLWLRQHUV LQ WKH ILHOGRIFRQWDPLQDWHG
ODQG 
 'LVFXVVLRQV ZLWK WKH UHPHGLDWLRQ H[SHUW DQG FDVH VWXG\ VLWH
GHYHORSPHQW 
7KHHFRQRPLFFRVWVXWLOLVHGLQWKHVWXG\ZHUHREWDLQHGIURPUHPHGLDWLRQSUDFWLWLRQHU
*UDQW 5LFKDUGVRQ UHIHUUHG WR LQ WKLV VWXG\ DV 3HUVFRPP *UDQW LV D UHPHGLDWLRQ
H[SHUWZLWK\HDUVRIH[SHULHQFHLQDPXOWL-GLVFLSOLQDU\HQYLURQPHQWDOFRQVXOWDQF\
LQWKH1RUWK(DVWRI(QJODQGZRUNLQJRQFRQWDPLQDWHGODQGSURMHFWVWKURXJKRXWWKH
8. +H KDV XQGHUWDNHQ UHPHGLDWLRQ ZRUNV LQ WKH DUHDV RI EURZQILHOG VLWHV WKH




WKH 8. WKDW ZRXOG EH UHSUHVHQWDWLYH RI DOO FRVWV DVVRFLDWHG ZLWK WKH GLIIHUHQW
UHPHGLDWLRQ PHWKRGV WR EH FRQVLGHUHG LQ WKH VWXG\ $ OLWHUDWXUH VHDUFK IRXQG WKDW
WKHUHDUHOLPLWHGVWXGLHVZKLFKDGGUHVVWKHLVVXHRIUHPHGLDWLRQFRVWVWKHUHIRUHWKLV
 ? ? ?
 
VWXG\ VHHNV WR GHWHUPLQH WKH WUXH ILQDQFLDO FRVWV DVVRFLDWHG ZLWK ELRUHPHGLDWLRQ
ZLWK DQG ZLWKRXW %6* ,Q DGGLWLRQ UHPHGLDWLRQ FRVWV DUH VWURQJO\ VLWH-VSHFLILF ZLWK
YDULDELOLW\ RI JHRORJLFDO K\GURORJLFDO DQG FKHPLFDO IDFWRUV KDYLQJ ODUJH LPSDFWV
6X5)- &RVWV DUH DOVR NQRZQ WR EH LQIOXHQFHG E\ KRZ VWULQJHQW WKH
UHPHGLDWLRQWDUJHWVDUHDQGWKHGLIIHUHQFHVLQUHPHGLDWLRQWDUJHWVFRXOGEHDIIHFWHG






VLWH VL[ GLIIHUHQW UHPHGLDWLRQ PHWKRGV ZHUH FRQVLGHUHG ELRUHPHGLDWLRQ ZLWK DQG
ZLWKRXW %6* QDWXUDO DWWHQXDWLRQ ODQGILOO 69( DQG WKHUPDO GHVRUSWLRQ 6HQVLWLYLW\
DQDO\VLVZDVFDUULHGRXW WRGHWHUPLQHWKHYDULDWLRQ LQ LQSXWGDWD7KLVZLOODOORZWKH






ZKLFK LV QRW QRUPDOO\ FRQVLGHUHG GXULQJ VLWH LQYHVWLJDWLRQ ZLOO EH HYDOXDWHG DQG
FRVWHG 2WKHU UHPHGLDWLRQ FRVWV ZHUH GHULYHG IURP SDVW DQG SUHVHQW FRPSDQ\
UHSRUWVMRXUQDOVDQGFXUUHQWUHPHGLDWLRQZRUNV 
7KHFRQFOXVLRQVGUDZQIURPWKHFDVHVWXG\VLWHVKRZHGWKDWUHPHGLDWLRQFRVWVDUH
VLWH VSHFLILF DV FRVWV DW RQH VLWH PD\ QRW EH XVHG IRU RWKHU VLWHV KRZHYHU VRPH
FRVWV UHOHYDQW WRRQHVLWHPD\EHXVHIXO LQFRVWLQJRWKHU UHPHGLDWLRQSURMHFWV7KH
FRVW PRGHO WKDW KDV EHHQ GHYHORSHG FRXOG EH XVHG IRU VLPLODU VLWHV SURYLGHG WKH
FRQGLWLRQVDQGWKHDVVXPSWLRQVDUHWKHVDPH,WFDQQRWEHJHQHUDOLVHGIRUDOOVLWHV























KLJKOLJKWV WKH SRWHQWLDO VRXUFHV RI FRQWDPLQDWLRQ SDWKZD\V DQG UHFHSWRUV 7KH
UHTXLUHPHQWIRUWKHUHPHGLDWLRQRIWKHVLWHLVOLPLWHGWRZRUNQHFHVVDU\WRSUHYHQWDQ
XQDFFHSWDEOHULVN WRKXPDQKHDOWKDQGWKHHQYLURQPHQW7KHSRWHQWLDO UHFHSWRUVRI
WKH FRQWDPLQDQWV DUH UHVLGHQWV FRQVWUXFWLRQ ZRUNHUV RQVLWH JURXQGZDWHU DQG WKH
QHDUE\ULYHU7KHVLWHFRQFHSWXDOPRGHOVKRZVWKHGDPDJHGXQGHUJURXQGWDQNVIURP













)LJXUH  &RQFHSWXDO VLWH PRGHO IRU WKH K\SRWKHWLFDO VLWH WR EH XVHG LQ WKH
UHVHDUFK 
 
,Q UHPHGLDWLQJ WKH ODQG IRU UHVLGHQWLDO SXUSRVHV WKH HFRQRPLF FRVW IRU ILYH
UHPHGLDWLRQ RSWLRQV ZLOO EH HYDOXDWHG 7KHVH LQFOXGH ELRUHPHGLDWLRQ ZLWK %6*
ELRUHPHGLDWLRQ ZLWKRXW %6* ODQGILOO WKHUPDO GHVRUSWLRQ QDWXUDO DWWHQXDWLRQ DQG
69(7KHVFHQDULR )LJXUH LVD W\SLFDOFRQFHSWXDOFRQWDPLQDWHG ODQGPRGHO LQ
WKH 8. ZLWK SRWHQWLDO SDWKZD\V IRU WKH SROOXWLRQ EHLQJ HYDSRUDWLRQ DQG WKH
PRYHPHQWRIYDSRXUVLQWRWKHKRXVLQJPRYHPHQWRIDQ\VROXEOHSROOXWDQWVLQWRWKH
JURXQGZDWHU DQG LQWR WKH ULYHU WRJHWKHU ZLWK FRQWDPLQDWLRQ RI GULQNLQJ ZDWHU
DEVWUDFWHG IURP WKH ULYHU DQG WKH JURXQGZDWHU ,GHQWLILFDWLRQ RI WKHVH SDWKZD\V
PHDQVWKDWWKHVLWHZRXOGQHHGWREHUHPHGLDWHG 
7KH FRQFHSWXDO VLWH PRGHO VHUYHV DV WKH IRXQGDWLRQ IRU HYDOXDWLQJ WKH UHVWRUDWLRQ
SRWHQWLDO RI WKH VLWH DQG WKH HIIHFWLYHQHVV RI RSHUDWLQJ WKH UHPHGLDWLRQ V\VWHPV
FRQVLGHUHG7KHJRDORIVLWHUHPHGLDWLRQLVWRILQGWKHPRVWFRVW-HIIHFWLYHPHWKRGRI




VXFK DV ELRUHPHGLDWLRQ ZLWK DQG ZLWKRXW %6* QDWXUDO DWWHQXDWLRQ
69(WKHUPDOGHVRUSWLRQDQGODQGILOOGLVSRVDORSWLRQ 








DQRWKHU WKHUH DUH VHYHUDO FRPPRQ HOHPHQWV WKDW VKRXOG EH LQFOXGHG LQ HYHU\
FRQFHSWXDOVLWHPRGHO7KHVHDUHVLPLODUWRWKHWKUHHOLVWHGDERYH7DEOHVKRZV
WKH VL[ UHPHGLDWLRQ RSWLRQV FRQVLGHUHG LQ WKH VWXG\ DQG WKH GHWDLOV RI WKHLU
UHPHGLDWLRQ VWUDWHJ\$ ULVN DVVHVVPHQWPRGHO LV GHYHORSHG IRU WKH VLWH LQ VHFWLRQ
DQGDSSHQGL[O9 
 ? ? ?
 
         
         Techniques 
            
                                  Details 
 
Bioremediation (with BSG) 
 







The  modification of the environmental condition of the soil by 






The contaminated soil will be excavated followed by disposal to a 
suitable landfill, the excavated soil will be replaced with a certified 





No attempt to remove contaminants or to contain the contaminant 
prior to redeveloping the site. Soil will be left at the site until 
concentrations have reached an acceptable level. 
 
 
Soil vapour extraction (SVE) 
 
Soil vapour extraction is an in-situ technique which induces an 
airflow through soil to enhance the volatilisation of the organic 
contaminants and aerobic biodegradation of the contaminants. 
 
 
In-situ Thermal desorption 
 
Thermal desorption is principally a thermally induced physical 
separation process where contaminants are vaporised from a solid 
matrix and transferred into a gas stream where they are easily 
treated or managed. 
 








 ? ? ?
 
0HWKRGV 
$Q\ UHPHGLDWLRQ SURMHFW EHJLQV ZLWK D IHDVLELOLW\ VWXG\ ZKLFK GHWHUPLQHV WKH
QHFHVVDU\GHVLJQIRUDQHIIHFWLYHUHPHGLDWLRQVWUDWHJ\,WKDVEHHQDVVXPHGWKDWWKH
LQLWLDOVLWH LQYHVWLJDWLRQKDV UHFRPPHQGHG WKHVL[RSWLRQV LQ7DEOH7KHFRVWRI
WKHLQLWLDOVLWHLQYHVWLJDWLRQIRUWKLVVWXG\ZDVREWDLQHGIURPDUHPHGLDWLRQSUDFWLWLRQHU
ZKR UHFRPPHQGHG WKDW IRU D  KD VLWH WKH FRVWV ZRXOG KDYH EHHQ -P
3HUVFRPP 7KLV FRVW ZLOO EH WKH VDPH IRU WKH VL[ UHPHGLDWLRQ WHFKQLTXHV
EHLQJHYDOXDWHGLQWKLVFKDSWHU 
7KH YDULRXV YDOXHV XWLOLVHG WR HYDOXDWH WKH GLIIHUHQW UHPHGLDWLRQ RSWLRQV DUH
SUHVHQWHG LQ7DEOH0RVWYDOXHVZHUHGHULYHGIURPWKH UHPHGLDWLRQSUDFWLWLRQHU
3HUVFRPPZKLFK LQFOXGHWKHFRVWRIGLVSRVLQJRI WKHVRLODQGUH-ILOOLQJ WKH
ODQG FRVW RI ODERXU GXULQJ UHPHGLDWLRQ ZRUN FRVW RI VDPSOLQJ WKH VRLO DQG WKH
QXPEHURIVDPSOHVIRUWKHVLWH6RPHYDOXHVLQ7DEOHZHUHDOVRREWDLQHGIURPD
FRPSDQ\UHSRUW6LULXVWKHVHLQFOXGHGWKHWLPHIUDPHIRUQDWXUDODWWHQXDWLRQ







































WRQQH IRU WUDQVSRUWLQJ %6* LQ WKH 8.






















 ? &RVWRIGLVSRVDOWRODQGILOO 
6RLO KDQGOLQJ FRVW WRQQH KDXODJH FRVW
WRQQH GLVSRVDO FRVW WRQQH DQG
ODQGILOO WD[FRVWWRQQHDQGDGGLWLRQDO
RYHUKHDGFRVWV7KHWRWDOFRVWLVWRQQH 
















7LPH IRU QDWXUDO DWWHQXDWLRQ EHWZHHQ - \HDUV
DQG VKRXOG QRW WDNH PRUH WKDQ RQH JHQHUDWLRQ
-\HDUV 





 ? ? ?
 
12 Sampling Brownfield site every 2 weeks during 
remediation work  
WRAP, 2009: Project code OBF001-042; 
13 Number of sampling of Brownfield soils for TPH 
should be 1 @100 m3 
YAHPAC, 2010 version 1.2 and   Pers.comm, 2011- 
meeting 
14 30 miles from Sunderland to Cleveland in 
Hartlepool nearest landfill site 
Pers.comm, 2011- meeting; www.augeanplc.com 
15 Cost of remediation for SVE (In-Situ) 
When >5000 m3 of soil remediated @£100.00  
When < 5000 m3 of soil remediated @ £400.00  
SVE in situ projects are typically completed in 1-
3 years 
 Defra, report  (2010), :  Davis, L., 2009 and FRTR 
(URL4.1) 
16 Field trial of the time scale for soil vapour 
extraction in UK was 325 days (11 months) 
CL: AIRE TDP 28, 2011  
17 SVE treatment typically completed in 3 years Baker et al., 2008 
 
Cost of remediation using Thermal 
desorption (In-Situ) 
When >5000 m3 of soil remediated @£144.00  
When < 5000 m3 of soil remediated @ £168.00  
 
 
Defra, report  (2010) :  Davis, L., 2009. 
18 Thermal desorption projects are implemented 
less than 12 months (In situ) 
Defra, report  (2010), FRTR, 2007 and Nathanial et al., 
2007 
19 Using thermal desorption to remediate 11,100 
m
3
 of soil using 147 heater wells for 169 days 
(5.6 months) 
Baker et al., 2008 
 
Table 5.2: Data and sources of information used to derive the economic costs 
presented in this chapter. 
7KHVLWHZDVDVVXPHG WREHDSSUR[LPDWHO\KDZLWKDERXWPRI VRLO WKDW
QHHGHG WR EH UHPHGLDWHG 7KH SXUSRVH RI WKH FOHDQ-XS ZDV IRU WKH VLWH WR EH
UHGHYHORSHG IRU ORZ FRVW KRXVLQJ XQLWV 7KH DYHUDJH FRVW RI  EHG XQLWV ORFDWHG
EHWZHHQWRPLOHVIURP6XQGHUODQGFLW\FHQWUHZDVHVWLPDWHGWREH
PRQWK 
$OVR LQFOXGHG LQ WKH FRVW DQDO\VLV ZDV WKH FRVW RI REWDLQLQJ %6* WDNLQJ LQWR
FRQVLGHUDWLRQ FRVW ODERXU KDXODJH DQG GLVWDQFH IURP +DUWOHSRRO WR 6XQGHUODQG
2WKHUFRVWVFRQVLGHUHGZHUHFRVWRIVXSHUYLVLRQIRUIRUHPDQRUVXUYH\RUFRVWRIVRLO




 ? ? ?
 
FRVWV DOVR WDNH LQWR FRQVLGHUDWLRQ WKH PLQLPXP DQG PD[LPXP FRVWV IRU VRLO
TXDQWLWLHVDERYHDQGEHORZP7KHWLPHIUDPHIRUWKHUPDODQG69(PHWKRGV
ZHUHGHULYHGIURPWKHVDPH'HIUDUHSRUWWRJHWKHUZLWKRWKHUFRPSOHWHGUHPHGLDWLRQ
SURMHFWV %DNHU HW DO 7KH QH[W VHFWLRQ SURYLGHV GHWDLOHG MXVWLILFDWLRQ RI WKH
YDOXHVDQGFRVWVXVHGLQWKHVWXG\UHSRUWHGKHUH 
-XVWLILFDWLRQIRUWKHYDOXHVDQGFRVWVDGRSWHG 
7KH PDLQ DLP RI WKLV UHVHDUFK LV WR LQYHVWLJDWH WKH XVH RI %6* WR DXJPHQW WKH
ELRUHPHGLDWLRQ SURFHVV µ(QKDQFHG ELRUHPHGLDWLRQ¶ %LRUHPHGLDWLRQ LV FXUUHQWO\
FRQVLGHUHG DV D FRVW-HIIHFWLYH WHFKQLTXH 6D\DUD HW DO  DV LW GRHV QRW QHHG
HQJLQHHULQJWHFKQRORJ\WRUHPRYHWKHFRQWDPLQDQWV 




FRVW-HIIHFWLYH ZKHQ FRPSDUHG WR RWKHU UHPHGLDWLRQ PHWKRGV $PHULFDQ 3HWUROHXP





WKH UHJXODWRUV KDV EHHQ HVWLPDWHG DV VL[ PRQWKV 7KLV YDOXH LV EDVHG XSRQ WKH
UHVXOWVRI WKH ODERUDWRU\VWXGLHV UHSRUWHG LQ&KDSWHU WRJHWKHUZLWKFRUURERUDWLRQ





WKUHH WLPHV DV ORQJ WR DFKLHYH WKH VDPH HQGSRLQW DV WULDOV XVLQJ WKH VDPH VRLO
FDUULHGRXWXQGHUODERUDWRU\FRQGLWLRQV'LSORFNHWDO 
,QWKHODERUDWRU\VWXGLHVFRQGXFWHGIRUWKLVVWXG\WKHUHZDVDUHGXFWLRQRI-RI
 ? ? ?
 
73+ LQ  WR  GD\V ZKHQ %6* ZDV DGGHG DQG  WR  ZKHQ QR %6* ZDV
DSSOLHG &KDSWHU 7KHUHIRUH XVLQJ WKH IDFWRU RI WKUHH UHSRUWHGE\ 'LSORFN HW DO
  WKH WLPH IUDPH WDNHQ WR UHGXFH WKH K\GURFDUERQ FRQWHQW RI WKH VRLO WR DQ
DFFHSWDEOH OHYHO ZRXOG EH  PRQWKV ZLWK %6* DQG  PRQWKV LQ WKH DEVHQFH RI
%6* 
7KH FRVW RI QRW GHYHORSLQJ WKH ODQG GXULQJ WKH SHULRG RI UHPHGLDWLRQ FRXOG EH
FDOFXODWHGEDVHGXSRQ WKH UHQWDEOH YDOXH WKDWZRXOGKDYHEHHQDFFUXHGRYHU WKH




FRQWDPLQDQWV LQYROYHG WKH OHYHO RI FRQWDPLQDQWV HQYLURQPHQWDO FRQGLWLRQ WKH





\HDUV EXW ODWHU SURMHFWHG WR EH FRPSOHWHG LQ  \HDUV¶ WLPH EDVHG RQ WKH OLQH RI
HYLGHQFH RI WKH GHJUDGDWLRQ $OWKRXJK PRQLWRULQJ WKH QDWXUDO DWWHQXDWLRQ RI
FRQWDPLQDWHG ODQG LV H[SHFWHG WR EH DFKLHYHG ZLWKLQ D UHDVRQDEOH WLPHVFDOH7KH
UHPHGLDWLRQ REMHFWLYH VKRXOGEHDFKLHYHG LQ OHVV WKDQ RQH JHQHUDWLRQ RU  \HDUV
($ 
7KHFRVWRIWKHGHOD\HGGHYHORSPHQWDVVRFLDWHGZLWKQDWXUDODWWHQXDWLRQFDQWKHQEH
FDOFXODWHG DVVXPLQJ D UHQWDO YDOXH IRU WKH KRXVLQJ RI PRQWK 7DEOH 7KH
QH[WUHPHGLDWLRQVWUDWHJ\FRQVLGHUHGLQWKLVFKDSWHULVH[FDYDWLRQRIWKHVRLODQGLWV




7KH FRVW RI WKH GHOD\HG GHYHORSPHQW DVVRFLDWHG ZLWK ODQGILOO GLVSRVDO RSWLRQ FDQ
WKHQ EH FDOFXODWHG DVVXPLQJ D UHQWDO YDOXH IRU WKH KRXVLQJ RI PRQWK 7DEOH
 7KH VRLO ZLOO EH H[FDYDWHG DQG GLVSRVHG LQ D GHVLJQDWHG ODQGILOO DV QRW DOO
 ? ? ?
 
ODQGILOOVZLOOEHZLOOLQJWRDFFHSWKD]DUGRXVZDVWH7KHFORVHVWODQGILOOWR6XQGHUODQG
LV LQ+DUWOHSRRO 3HUVFRPPDQG LW LVPLOHGULYH'LVSRVLQJRI WKHVRLO WR
ODQGILOO ZLOO UHTXLUH D  WRQQH ORUU\ ZKLFK ZLOO UHTXLUH  WULSVGD\ HTXLYDOHQW WR
WRQQHVGD\VRWRGLVSRVHRIWRQQHVRIWKHKD]DUGRXVZDVWHZLOO WDNH
GD\V 
7KHUHIRUH LIPRUH ORUULHVDUHXVHGIRUH[DPSOH ORUULHV WRQQHVRIVRLOZLOOEH






PHGLXP WR ORQJ WHUP DQG FOHDQLQJ WKH VLWH XVLQJ 69( FDQ WDNH \HDUV W\SLFDOO\
FRPSOHWHG69(SURMHFWVWDNHWR\HDUV(3$)575DQG'HIUDWDEOH
 +RZHYHU LQ D UHFHQW WULDO XQGHUWDNHQ E\ &RQWDPLQDWHG /DQG $SSOLFDWLRQ LQ
5HDO (QYLURQPHQW &/$,5(  LQ .HQW LQ WKH 8QLWHG .LQJGRP WR DVVHVV WKH
HIIHFWLYHQHVVDQG WKHFRPPHUFLDO YLDELOLW\RI FRPELQLQJ69(ZLWK LQ VLWX IUHTXHQF\
KHDWLQJ WHFKQRORJ\ ,65)+ LQ RUGHU WR UHPRYH YRODWLOH K\GURFDUERQV DQG VHPL-
YRODWLOH RUJDQLFV IURP WKH VRLO LW ZDV IRXQG WKDW D FRPELQDWLRQ RI 69(  ,65)+





(3$7\SLFDO69( WHFKQRORJLHVDFKLHYHFOHDQ-XSZLWKLQ \HDUV 86(3$
86(3$DDQG'HIUDZLWKWKHWLPHWDNHQEHLQJGHSHQGHQWRQWKH
UHPHGLDWLRQ DFWLYLWLHV VXFK DV ZRUN SODQ SUHSDUDWLRQ HTXLSPHQW PRELOL]DWLRQ
VXEVXUIDFH LQVWDOODWLRQ DERYH VXUIDFH LQVWDOODWLRQ VWDUW-XSRSHUDWLRQ DQG
GHPRELOL]DWLRQDQGVLWHUHVWRUDWLRQ 
2QH RI WKH OLPLWDWLRQV RI 69( LV WKH RII-JDV WUHDWPHQW QHHGHG WKLV LV GXH WR WKH
SRWHQWLDOKLJKFRVWRIHQHUJ\ WRKHDW WKH LQFRPLQJ69(JDV ,QDVHULHVRI VWXGLHV
FRQGXFWHG E\ %RVWURP  LQ WKH 86$ RQ WKH FRVW RI HQHUJ\ IRU D FDWDO\WLF
 ? ? ?
 
R[LGL]HUW\SLFDODQQXDOHQHUJ\FRVWIRUWKHFDWDO\WLFR[LGL]HUV\VWHPRSHUDWLQJDW




$ WRWDO PDVV RI  SRXQGV RI FRQWDPLQDQWV ZDV GHVWUR\HG LQ  \HDUV RI
UHPHGLDWLRQZRUNDQGWKHGDLO\FRVWRIHOHFWULFLW\ZDVEHWZHHQWRGD\,QD
VLPLODUVWXG\ WKHH[WUDFWHG IORZ IURP WKHVXEVXUIDFHZDVVFIPZLWKPD[LPXP
FRQWDPLQDQWH[WUDFWLRQUDWHRISRXQGVGD\IRUVHYHUDOZHHNV'XULQJRQH\HDURI
RSHUDWLRQWKHR[LGL]HUGHVWUR\HGSRXQGVRIJDVROLQHZLWKDQDYHUDJHFRVWRI
GD\ 7KH SURMHFW UDQ IRU RYHU D \HDU DQG WKH IXHO FRVW IRU WKH SHULRG ZDV
86(3$ 
7KH69(WHFKQRORJ\WKDWZRXOGEHDGRSWHGLQWKLVVWXG\ZLOOUHTXLUHKHDWLQJRIWKHDLU





PD\EH UHTXLUHGHVSHFLDOO\ LQ WKH8.ZKHUHHQHUJ\FRVWVDUHKLJKFRPSDUHG WR
WKH86ZKHUHWKHWHFKQLTXHLVPRUHSRSXODU:LOOLDPDQG%UDQNOH\7KLVZLOO
EHD OLPLWLQJ IDFWRU IRU69(DQG WKHH[WHQGHG WLPHGHOD\ WKDW FRXOGEHDVVRFLDWHG
ZLWK WKH WHFKQLTXHPD\HYHQSURKLELW WKHXVHRI WKH69(LQFOHDQLQJ-XSVRLOV69(
PD\QRWEHYLDEOHIRUGLHVHOFRQWDPLQDWHGVRLOEHFDXVHVRPHFRPSRQHQWVRIGLHVHO
DUHOHVVYRODWLOHDQGPD\QRWUHDGLO\EHUHPRYHG7KDWLVZK\69(WHFKQRORJLHVDUH
PRVW RIWHQ XVHG LQ FRQMXQFWLRQ ZLWK RWKHU UHPHGLDWLRQ PHWKRG VXFK DV
ELRUHPHGLDWLRQ RU QDWXUDO DWWHQXDWLRQ LQ GLHVHO FRQWDPLQDWHG VLWHV - WKH YRODWLOH
FRPSRXQGVDUHUHPRYHGE\69(DQGWKH OHVVYRODWLOHFRPSRXQGVDUHUHPRYHGE\
ELRUHPHGLDWLRQRUQDWXUDODWWHQXDWLRQ 
+RZHYHU LQ WKLV VWXG\ WKH LPSOHPHQWDWLRQ RI LQ VLWX 69( FRXOG EH DFKLHYHG LQ 
\HDUVJLYHQWKHYROXPHRIVRLO WKDW LV LQYROYHGDQGWKLV LV WKH'HIUDHVWLPDWH LQWKH
8.IRUODUJHYROXPHVRIVRLO'HIUD7KHUHIRUHWKHFRVWRIQRWGHYHORSLQJWKH
ODQG IRU  \HDUV ZLOO EH FDOFXODWHG XVLQJ WKH UHQWDO YDOXH WKDW ZRXOG KDYH EHHQ
 ? ? ?
 
DFFUXHGLIWKHKRXVLQJXQLWVZRXOGKDYHEHHQEXLOW 
5HPHGLDWLQJVRLOXVLQJ WKHUPDOGHVRUSWLRQPD\ WDNH IURPD IHZPRQWKV WR VHYHUDO
\HDUVDV WKH WLPH LW WDNHVDUHIXQFWLRQVRI WKHVL]HDQGGHSWKRI WKHSROOXWHGDUHD
WKH W\SH RI VRLO DQG WKH FRQGLWLRQV SUHVHQW (XJULV  7KXV FRQWDPLQDQW
FRQFHQWUDWLRQKDVDKXJH LPSDFWRQ WKH WLPHVFDOH WRDFKLHYH WKHUPDO UHPHGLDWLRQ
REMHFWLYHV ,Q D VWXG\ FRQGXFWHG RQ D VLWH XVHG E\ WKH 1DY\ DQG WKH 1DWLRQDO
$HURQDXWLFV DQG 6SDFH $GPLQLVWUDWLRQ 1$6$ LQ WKH 86 ZLWK FRQWDPLQDQWV RI
DSSUR[LPDWHO\  OEV NJ LW WRRN  GD\V  PRQWKV WR UHPRYH
WKH YRODWLOH RUJDQLF FRPSRXQGV DQG VHPL-YRODWLOH RUJDQLF FRPSRXQG IURP WKH VRLO
XVLQJWKHUPDOGHVRUSWLRQ1$9)$& 
,QDQRWKHUVWXG\DEURZQILHOGVLWHRIDERXWDFUHV KDZLWKFRQWDPLQDQWV
HVWLPDWHG WREH OEV NJ LQ1HZ<RUN86$ZDV UHPHGLDWHGDQG
UHGHYHORSHGXVLQJLQVLWXWKHUPDOGHVRUSWLRQ+HURQHWDO7KHGLODSLGDWHGVLWH
ZDV FRQWDPLQDWHG ZLWK YRODWLOH RUJDQLF FRPSRXQGV DQG VHPL-YRODWLOH RUJDQLF
FRPSRXQGVDQG WKH WRWDODUHDRI WKHVLWHPHW WKHDJUHHGFOHDQ-XSVWDQGDUGZLWKLQ
GD\VPRQWKVRI WKHUPDOWUHDWPHQW+HURQHWDO $UHFHQWGHVLJQWR
LPSOHPHQW IXOO VFDOH WKHUPDOHQKDQFHG69( IRU WKH UHPHGLDWLRQRI WKHXQVDWXUDWHG
]RQHRIWKHVRLOLQDIRUPHUFKORUR-EHQ]HQHSURFHVVVLWHLQ,OOLQRLV86$.UXPPULFK
 ZLWK FRQWDPLQDQWV RI  OEV  NJ LV DQWLFLSDWHG WR WDNH 
\HDUVIURP--XO\ 
7KHUHIRUHXVLQJ WKHUPDOGHVRUSWLRQ WHFKQRORJ\FRXOGGHSHQGRQ WKHFRQFHQWUDWLRQ
RIFRQWDPLQDQWVDQGRWKHUIDFWRUVVXFKDVGHVLJQWHFKQLTXHJHRWHFKQLFDOSURSHUWLHV
RI WKHVRLOVRLOPRLVWXUHFRQWHQWDQGVSDFLQJEHWZHHQ WKHKHDWHUV -RKQVRQ HWDO
,WKDVEHHQHVWLPDWHGWKDWWKHWLPHVFDOHWRDFKLHYHWKHUHPHGLDWLRQREMHFWLYH
IRUWKHUPDOGHVRUSWLRQZLWKDOOUHJXODWRU\UHTXLUHPHQWVIXOILOOHGLVOHVVWKDQPRQWKV
IRU H[-VLWX WKHUPDO GHVRUSWLRQ DQG OHVV WKDQ D \HDU IRU LQ VLWX WKHUPDO GHVRUSWLRQ
1$9)$&1DWKDQLDOHWDO$W\SLFDOH[-VLWXWKHUPDOGHVRUSWLRQSURMHFWLQ
WKH86WDNHVDERXWPRQWKVWREHFRPSOHWHG86(3$D 
,Q D VWXG\ FRQGXFWHG LQ 'HQPDUN DW 5HHUVOHY VLWH WKH VHOHFWHG WHFKQRORJ\ ZDV
WKHUPDO UHPHGLDWLRQE\ LQ VLWX WKHUPDOGHVRUSWLRQZLWK VLPXOWDQHRXVDSSOLFDWLRQRI
FRQGXFWLQJKHDWLQJDQG69( LQ UHPRYLQJGHQVHQRQ-DTXHRXVSKDVH OLTXLGV %DNHU
HW DO  ,Q WKH VWXG\ D VRLO YROXPH RI  P ZDV WUHDWHG ZLWK  KHDWHU
 ? ? ?
 
ZHOOVDQG LW WRRNGD\V WRDFKLHYHWKH UHPHGLDWLRQREMHFWLYH7KHDFWXDOHQHUJ\
FRQVXPSWLRQGXULQJ WKH OLIHRI WKH LQ VLWX WKHUPDOGHVRUSWLRQZDVN:KP DQG




,Q WKH VWXG\ UHSRUWHG KHUH D VLPLODU WKHUPDO GHVRUSWLRQ WHFKQRORJ\ ZRXOG EH
LPSOHPHQWHG WR KHDW WKH  NJ RI FRQWDPLQDQW FRQFHQWUDWLRQ VSUHDGLQJ RYHU
P LQ WKH WUHDWPHQWDUHD7KLV OHYHORIFRQWDPLQDQWVFRXOGEH WUHDWHG IRU
PRQWKVXVLQJDVLPLODUOHYHORIWUHDWPHQWWRWKHVFKHPHVGHVFULEHGDWWKH5HHUVOHY
VLWH7KHPRQWKVHVWLPDWHGLQWKHVWXG\ZRXOGLQFOXGHPRQWKVIRUKHDWLQJWKHVRLO
DQG  PRQWKV IRU GHPRELOL]LQJ WKH HTXLSPHQW VFUHHQLQJ WKH VRLO DQG WUHDWLQJ WKH
UHVLGXDOV RI WKH FDSWXUHG JDVHV -RKQVRQ HW DO  0RUH VR WKH  PRQWKV
GXUDWLRQIDOOVZLWKLQWKH\HDU'HIUDDQG$WNLQVFRPSDQ\UHSRUWH[SHFWHGWLPHIUDPH
IRULQ-VLWXWKHUPDOGHVRUSWLRQSURMHFWVWREHFRPSOHWHGLQWKH8.'HIUDDQG











&RVWV DVVRFLDWHG ZLWK ODQGILOO GLVSRVDO LQFOXGH WKH FRVW RI H[FDYDWLRQ WUDQVSRUWLQJ
WKHVRLODQGODQGILOOFRVWV7KHFXUUHQWFRVWVREWDLQHGIURPDUHPHGLDWLRQSUDFWLWLRQHU
3HUVFRPPLQFOXGHWRQQHIRUWKHFRVWRIWLSSLQJKDQGOLQJWKHVRLOWRQQH
IRU KDXODJH WRQQH IRU GLVSRVDO DQG WKH ODQGILOO WD[ IRU KD]DUGRXV ZDVWH ZKLFK
VWDQGVDWWRQQH LQSOXVDQDGGLWLRQDORYHUKHDGFRVWV 7DEOH
7KH WRWDOFRVWGHULYHG IURP WKLVHVWLPDWH LVWRQQH WRGLVSRVHRI WKHVRLO WR
 ? ? ?
 
ODQGILOO 
,Q DGGLWLRQ WRSVRLO ZRXOG EH QHHGHG WR ILOO WKH DUHDV RI WKH VLWH ZKHUH WKH
FRQWDPLQDWHGVRLOKDVEHHQUHPRYHG7KHWRSVRLO LVDVVXPHGWREHREWDLQHGIURPD
VLQJOH VRXUFH ZKLFK KDV EHHQ LQVSHFWHG WHVWHG DQG DSSURYHG LQ DGYDQFH E\ WKH
VXSHUYLVLQJHQJLQHHU 
$V  WRQQHV RI FRQWDPLQDWHG VRLO ZDV UHPRYHG IURP WKH VLWH WKH VLWH ZRXOG
QHHG WR EH UH-ILOOHG ZLWK WKH HTXLYDOHQW DPRXQW RI VRLO 7KH WRSVRLO WKDW ZRXOG EH
UHTXLUHGZLOOEHWRQQHVDQGLWZLOOFRVWWRQQHLQDGGLWLRQWRWRQQHWR
WUDQVSRUWWKHVRLOWRVLWHDVVXPLQJDOOVRLOVZRXOGEHREWDLQHGIURPWKHVDPHORFDWLRQ 
7KHHDUWKZRUNDQG LQILOOLQJRI WKHVRLO ZLOOEHFRQGXFWHGXQGHU WKHVXSHUYLVLRQRID
IRUHPDQRUVXSHUYLVLQJHQJLQHHUDWWKHFRVWRIIRURQHZHHN7DEOH7KH
HDUWKZRUN PDFKLQHU\ WKDW ZRXOG EH XVHG IRU LQILOOLQJ WKH VRLO WRJHWKHU ZLWK ODERXU




VRLO WKH HDUWK ZRXOG EH UHSODFHG ZLWK WKH VDPH DPRXQW RI VRLO DV VXFK ZLOO WDNH
VLPLODUQXPEHURIGD\V WR ILOO WKHHDUWKZKLFK LVHTXLYDOHQW WRZHHNV PRQWKV
7KH WRWDOQXPEHURIZHHNV IRUERWKGLVSRVDODQG UH-ILOOLQJ LVZHHNV PRQWKV
7KHUHQWDEOHYDOXHIRUWKLVSHULRGRIWLPHZLOOEHDSSRUWLRQHGWRWKHGHOD\LQGLVSRVLQJ
DQGUHSODFLQJWKHVRLOJLYHQWKHSUHYLRXVFDOFXODWLRQRIIRUEHGURRPVLQ




RI WUDQVSRUWLQJ LW WR WKHVLWHIRUXVH LQELRUHPHGLDWLRQ%UHZHU\ ILUPVDUH ORFDWHGDOO
RYHU WKH8.DQGWKH8.SURGXFHVRYHUPLOOLRQ WRQQHVRI %6*HYHU\\HDUDV
LQGLFDWHG LQ&KDSWHU7KHFXUUHQWDYHUDJHSULFHRI%6*DW WKH WLPHRI FRPSLOLQJ
WKLVUHSRUWLVWRQQHH[FOXGLQJWUDQVSRUWFRVWV7DEOH 
6LQFH%6*ZRXOGEHSXUFKDVHGIRUWKHUHPHGLDWLRQZRUNWKHFRVWRIWUDQVSRUWLQJWKH
 ? ? ?
 







UHFRJQLVHV WKHFXUUHQW LQIODWLRQYDOXHDQGDOOYDULDEOHFRVWV LQYROYHG LQ WUDQVSRUWLQJ








GXULQJ WKH H[SORUDWRU\ VWDJHV LQFOXGLQJ GHVN VWXGLHV DQG VLWH ZDONRYHU +RZHYHU
ZKHQDVVHVVLQJWKHVXLWDELOLW\RIDVLWHGXULQJWKHUHPHGLDWLRQSURFHVVWKHVDPSOHV






SHU  P 7DEOH 7KLV LV DFFRUGLQJ WR WKH UHFRPPHQGDWLRQFRQWDLQHG LQ WKH
WHFKQLFDOJXLGDQFH IRUGHYHORSHUV ODQGRZQHUVDQGFRQVXOWDQWV LQ WKH8.GHDOLQJ
ZLWKEURZQILHOGVLWHVIRU73+<+3$&6LQFHWKHUHLVWRQQHVZKLFKLV
HTXLYDOHQWWRPWKHVLWHZLOOUHTXLUHVDPSOHVWREHXQGHUWDNHQHYHU\WZR
ZHHNV LQRUGHU WRPRQLWRU WKHGHJUDGDWLRQSURFHVV7KH WZRZHHNV¶ WLPH IUDPH IRU
VDPSOLQJWKHVRLOGXULQJWKHELRUHPHGLDWLRQSURFHVVLVLQOLQHZLWKELRUHPHGLDWLRQRI
K\GURFDUERQ FRQWDPLQDWHG EURZQILHOG VLWHV LQ WKH 8. 3HUVFRPP  DQG
:5$36RLOVDPSOLQJZRXOGEHFDUULHGRXWHYHU\WZRZHHNVIRUZHHNVXQWLO








LQWHUSUHWLQJ DQG UHSRUWLQJ ZLOO EH DSSOLHG WR WKH  VDPSOHV UHTXLUHG HYHU\ WZR
ZHHNV 
,QRUGHU WRGHPRQVWUDWH WKDWQDWXUDODWWHQXDWLRQ LV WDNLQJSODFHWKHVRLOZLOOQHHGWR
EHVDPSOHGDQGDQDO\VHGDWUHJXODULQWHUYDOV1DWXUDODWWHQXDWLRQXQGHUWDNHQRQWKH
RQ-JRLQJSURMHFWE\6LULXV/LPLWHG 6LULXV7DEOHZDVFDUULHGRXWPRQWKO\
DQG H[SHFWHG WR FRQWLQXH IRU  \HDUV ZKLFK LV WKH WLPH IUDPH IRU WKH UHPHGLDWLRQ
REMHFWLYHV WR EH DFKLHYHG 6DPSOLQJ LQ WKH SUHVHQW VWXG\ ZLOO EH XQGHUWDNHQ RQ D








LQ VLWX69( LV VLWH VSHFLILFDQG LVD IXQFWLRQRI WKHVL]HRI WKHVLWH WKHQDWXUHDQG
DPRXQW RI WKH FRQWDPLQDQWV DQG WKH K\GURJHRORJLFDO VHWWLQJ 86 (3$ 
7KHVH IDFWRUV LQYDULDEO\ LQIOXHQFH WKH QXPEHU RI ZHOOV WR EH LQVWDOOHG WKH EORZHU







 ? ? ?
 
DGYDQWDJHV RI 69( WHFKQLTXHV 6DQGHUV DQG 9HUQRQ  7KHUHIRUH WKH VWXG\
ZLOO DGRSW WKH 'HIUD FRVW IRU KLJKHU YROXPHV DV WKH TXDQWLW\ RI VRLO WKDW ZRXOG EH
UHPHGLDWHGLQWKHVWXG\LVP 
7KHUPDO WUHDWPHQWVRIIHUTXLFNFOHDQ-XS WLPHVZLWKKLJKHQHUJ\GHPDQG86(3$










7KH 'HIUD FRVW HVWLPDWH ZDV XVHG LQ WKLV VWXG\ EHFDXVH WKH VXUYH\ FRPSULVHV RI
8. UHPHGLDWLRQ SUDFWLWLRQHUV WHFKQLFDO YHQGRUV DQG HQYLURQPHQWDO FRQVXOWDQWV
7KHLQIRUPDWLRQSURYLGHGLVIHOWWREHUHSUHVHQWDWLYHRIWKHLQGXVWU\DVDZKROHEDVHG













QHHGHGRQ-VLWHRU LWPLJKWKLUH WKHQHFHVVDU\HTXLSPHQW IRU WKH WLPHSHULRGRI WKH






WKH ELRUHPHGLDWLRQ SURFHVV ZKLFK LQFOXGHV WKH FRVW RI ODERXU PDFKLQHU\ IXHO DQG














,Q FRQFOXVLRQ WKH PDMRULW\ RI FRVWV XVHG LQ WKLV VWXG\ ZHUH REWDLQHG IURP D
UHPHGLDWLRQ SUDFWLWLRQHU LQGXVWU\ H[SHUWV WKURXJK LQWHUYLHZ FRQIHUHQFH
SUHVHQWDWLRQV DQG ZRUNVKRS WUDLQLQJ DQG DUH WKH FXUUHQW SULFHV LQ WKH UHPHGLDWLRQ
LQGXVWU\ JLYHQ WKH SUHVHQW HFRQRPLF FRQGLWLRQV 8VLQJ FRVWV IURP D SUDFWLWLRQHU
SURYLGHGDQ LGHDOVLWXDWLRQIRUGHILQLQJDQGDVVHVVLQJ WKHEDVHOLQHVFHQDULRIRU WKH







 ? ? ?
 
FRVWV7KHGLUHFWFRVWVDUHLQFXUUHGIRUFDUU\LQJRXWWKHUHPHGLDWLRQDFWLYLWLHVVXFKDV
WKH FRVW RI GLVSRVLQJRI WKH FRQWDPLQDWHG VRLO WR ODQGILOO FRVW RI UH-ILOOLQJ WKHHDUWK
ZLWKQHZVRLOODQGILOOWD[WKHFRVWRIFROOHFWLQJ%6*ODERXUDQGPDWHULDOFRVWVGXULQJ
UHPHGLDWLRQDFWLYLWLHVDQGVRLOVDPSOLQJFRVWV 
7KH LQGLUHFW FRVWVDUHPDGHXSRIPDLQWHQDQFHRURUJDQLVDWLRQDOFRVWVRI FDUU\LQJ
RXW WKHUHPHGLDWLRQDFWLYLWLHVDQGWKHFRVWVDVVRFLDWHGZLWKWKHGHOD\ LQGHYHORSLQJ
WKH ODQG7KHFRVWVRI GHOD\HGGHYHORSPHQWZHUH LGHQWLILHGDQGDWWULEXWHG WRHDFK
WHFKQLTXH ,Q WKLV VWXG\ WKH\ ZHUH EDVHG XSRQ WKH UHQWDEOH YDOXH WKDW ZLOO EH ORVW








BR BSG BRW BSG NA LD SVE TD 
Direct costs 
   
 












   
£390,000 
  
BSG   
£85,000.00 




























     

































Table 5.3: Results of economic costs including direct and indirect costs of the four chosen 
remediation options(bioremediation with brewery spent grain-BR BSG, bioremediation 
without brewery spent grain-BRW BSG, natural attenuation- NA, landfill disposal- LD, in 







WKH GLVWDQFH IURP WKH EUHZHU\ WR WKH FRQWDPLQDWHG ODQG VLWH ZDV  PLOHV %HQ-
+DPHG 
7KH VDPSOLQJ FRVWV DVVRFLDWHG ZLWK WHVWLQJ WKH EUHDNGRZQ RI WKH K\GURFDUERQV LQ




DPRXQWV WR PRQWK ZKHQ WKH VLWH LV VDPSOHG WZLFH D PRQWK 6LQFH
ELRUHPHGLDWLRQZLWK%6*KDVSUHYLRXVO\EHHQGHWHUPLQHGWRWDNHPRQWKVDQGWKH






SHULRG RI  PRQWKV IRU ELRUHPHGLDWLRQ ZLWK %6* DQG  PRQWKV IRU ELRUHPHGLDWLRQ





PRI VRLO RI ODQG LQ WKHVWXG\ WKHFRVWRI VDPSOLQJ IRURQHPRQWKZLOO EH
 LQFOXGLQJ SHUVRQQHO FRVWV 7KH VDPSOLQJ ZRXOG EH FDUULHG RXW RQ D
PRQWKO\ EDVLV IRU WKH ILUVW  \HDUVDQG TXDUWHUO\ IRU WKH UHPDLQLQJ  \HDUV$V WKH





7KHGLUHFWFRVWRIGLVSRVLQJRI WKHFRQWDPLQDWHGVRLO WR ODQGILOO IURPWKHFDVHVWXG\
VLWH ZDV HVWLPDWHG DW WRQQH 6LQFH WKHUH DUH  WRQQHV RI VRLO IRU




UH-ILOO WKH ODQG2WKHUGLUHFWFRVWVDVVRFLDWHGZLWK WKH ODQGILOORSWLRQDUH WKHFRVWRI
 ? ? ?
 






EORZHU FDSDFLW\ DQG YDFXXP OHYHO UHTXLUHG DQG WKH OHQJWK RI WLPH QHHGHG WR
UHPHGLDWH WKHVLWH7KHFRVWZLOODOVR WDNH LQWRFRQVLGHUDWLRQ WKHRII-JDVDQGZDWHU
WUHDWPHQWWKDWZRXOGEHH[WUDFWHGSULRUWRGLVSRVDO7KH'HIUDUHSRUWZDVVHHQWREH
UHSUHVHQWDWLYH RI WKH DYHUDJH FRVW LQ WKH UHPHGLDWLRQ VHFWRU DV LW WDNHV LQWR
FRJQL]DQFHGLIIHUHQW UHPHGLDWLRQFRVWV IURPGLIIHUHQWSUDFWLWLRQHUV 'HIUD ,Q
VLWX69(FRVWVPZKHQ ODUJHYROXPHVRI VRLO DUH UHPHGLDWHG 7DEOH ,Q
WKLVVWXG\WKHUHLVWRQQHVRIVRLOZKLFKLVHTXLYDOHQWWRP7DEOH




ZKLFK WKHFRVWRI WUHDWLQJPRUH WKDQPRIVRLOZDVHVWLPDWHGWREHP
7KLVFRVWLQFOXGHVRSHUDWLRQDQGPDLQWHQDQFHFRVWV7KLVFRVWZDVFRQVLGHUHGDVD
UHOLDEOHFRVWRI UHPHGLDWLRQ IRU WKHUPDOGHVRUSWLRQ LQ WKH8.EHFDXVH'HIUD LQ LWV
UHSRUWDGRSWHGLWDVWKHLUEDVHOLQHZKHQHYDOXDWLQJWKHFRVWRIGLIIHUHQWUHPHGLDWLRQ




7KH LQGLUHFW FRVWV DVVRFLDWHG ZLWK ELRUHPHGLDWLRQ ZHUH FDOFXODWHG EDVHG RQ WKH
SHULRG RI WLPH WR DFKLHYH WKH UHPHGLDWLRQ REMHFWLYH 7KH UHQWDEOH YDOXH IRU D 
EHGURRPKRXVHZDVSUHYLRXVO\YDOXHGDWPRQWK7DEOHIRUWKHORFDWLRQ
LQ WKHFDVHVWXG\ ,I WKHELRUHPHGLDWLRQSURFHVV WDNHVPRQWKV WKH UHQWDEOHYDOXH
WKDWZRXOGKDYHDFFUXHGRYHUWKHSHULRGZRXOGEHSHUKRXVLQJXQLWDQGIRU




7KHRWKHU LQGLUHFW FRVW DWWULEXWDEOH WRELRUHPHGLDWLRQ LV WKHFRVWRIPDLQWDLQLQJ WKH
VLWH GXULQJ WKH SHULRG RI UHPHGLDWLRQ )RU  KD RI ODQG WKH PRQWKO\ FRVW ZDV
SUHYLRXVO\ YDOXHG WR EH  7DEOH  6LQFH ELRUHPHGLDWLRQ ZLWK %6*
UHPHGLDWLRQ REMHFWLYH ZRXOG EH DFKLHYHG LQ  PRQWKV LW ZLOO FRVW  IRU




7KH LQGLUHFW FRVWV DVVRFLDWHG ZLWK QDWXUDO DWWHQXDWLRQ ZHUH FDOFXODWHG EDVHG XSRQ
WKH WLPH WDNHQ IRU WKH EUHDNGRZQ RI WKH K\GURFDUERQV ,Q WKLV VWXG\ WKH WLPH IRU
QDWXUDO DWWHQXDWLRQ WR DWWDLQ WKH UHPHGLDWLRQ WDUJHWV KDV EHHQ HVWLPDWHG WR EH 
\HDUV /HDYLQJ WKH ODQG XQGHYHORSHG IRU WKDW SHULRG RI WLPH ZRXOG OHDG WR ORVV RI
UHYHQXHGXHWRWKHUHQWDOYDOXHWKDWZRXOGKDYHEHHQDFFUXHG7KHUHQWDOYDOXHIRUD








7KHUHZLOO DOVREHRUJDQLVDWLRQDQGPDLQWHQDQFHFRVWVDWWULEXWHG WR ODQGILOO DV WKH
GLVSRVDO DQG UHLQVWDWHPHQW H[HUFLVH ZLOO UHTXLUH  PRQWKV WR FRPSOHWH 7KH




JLYHQ WKH GHIDXOW YDOXH RI  WRQQHV RI VRLO  P 7KH FRVW RI QRW
 ? ? ?
 
GHYHORSLQJ WKH ODQGIRU\HDUVZRXOGEHFDOFXODWHGRQ WKH UHQWDOYDOXH WKDWZRXOG
KDYH EHHQ ORVW LI WKH ODQG ZDV QRW GHYHORSHG IRU KRXVLQJ XQLWV ,Q WKLV VWXG\






















 7KHVH FRVWV DUH PDGH XS RI GLUHFW DQG LQGLUHFW FRVWV IRU WKH GLIIHUHQW

























































































7KH GHIDXOW HVWLPDWH RI  WRQQHV  P RI VRLO DQG LWV UHODWHG FRVWV
GHSLFWV WKH W\SLFDO DPRXQW RI VRLO SUHVHQW DFURVV YDULRXV GHUHOLFW VLWHV LQ WKH 8.
3HUVFRPP  7KH UHVXOWV IURP 7DEOH  VKRZV WKDW WKH ELRUHPHGLDWLRQ
WHFKQLTXHKDVDKLJKHUFRVWZKHQFRPSDUHGWRODQGILOOZKHQDORZHUYROXPHRIVRLO
ZDVUHPHGLDWHG LQ WKLVFDVHP WRQQHVRIVRLO:KHQFRPSDULQJ WKH




UHJDUGOHVV RI WKH YROXPH RI VRLO WKDW QHHGHG UHPHGLDWLRQ WKH FRVW RI QDWXUDO
DWWHQXDWLRQ LVKLJKHU WKDQELRUHPHGLDWLRQ0RUHVR WKHFRVWRIELRUHPHGLDWLRQZLWK
%6* DQG ELRUHPHGLDWLRQ ZLWKRXW %6* VKRZHG WKDW WKH IRUPHU ZHUH KLJKHU JLYHQ
 ? ? ?
 
KLJKHUYROXPHVRIVRLO 
&RQWUDU\ WR WKHFRVWRI ELRUHPHGLDWLRQ WKHFRVWVRI69(ZDVKLJKHU LUUHVSHFWLYHRI
WKHYROXPHRIVRLOWREHUHPHGLDWHG7KXVWKHFRVWRIELRUHPHGLDWLRQZLWK%6*ZDV
ZKHQWRQQHVPRIVRLOZDVUHPHGLDWHGDQGWKHFRVWRI
69(ZDV7KLV IXUWKHU LQFUHDVH WRRQELRUHPHGLDWLRQ
ZKHQ  WRQQHV  P ZDV UHPHGLDWHG DQG 69( FRVW VWDQGV DW
:KHQFRPSDULQJWKHFRVWRIELRUHPHGLDWLRQZLWKWKHUPDOGHVRUSWLRQ
WKH FRVW RI ELRUHPHGLDWLRQ EHFRPHV ORZHU DV WKH YROXPH RI VRLO LQFUHDVHV IRU
LQVWDQFHZKHQDQGWRQQHVRIVRLOZHUHUHPHGLDWHGFRPSDUHG
WRWKHUPDOGHVRUSWLRQ7DEOH 
6HQVLWLYLW\ DQDO\VLV FRXOG EH XVHG WR GHSLFW WKH FRVWV RI GLIIHUHQW UHPHGLDWLRQ
WHFKQLTXHV DQG VKRZ KRZ YDULDWLRQ LQ LQSXW GDWD VXFK DV WKH WLPH VFDOH RI WKH
GLIIHUHQWUHPHGLDWLRQWDUJHWVTXDQWLW\RIVRLOQHHGLQJUHPHGLDWLRQ ODQGILOO WD[HVDQG
UHPHGLDWLRQ VWUDWHJ\ FDQ DIIHFW WKH FRVW RI DQ\ JLYHQ UHPHGLDWLRQ PHWKRG )RU
H[DPSOH LI WKH WLPHV VFDOH IRU QDWXUDO DWWHQXDWLRQ WR DFKLHYH WKH UHPHGLDWLRQ
REMHFWLYHLVWREHH[WHQGHGIURP\HDUVWR\HDUVRUUHGXFHGWR\HDUVWKHGLUHFW
DQG LQGLUHFW FRVWV ZRXOG EH LPSDFWHG 6LPLODUO\ LI ODQGILOO WD[ LQFUHDVHG IURP
WRQQHWRWRQQHWKHFRVWRIGLVSRVLQJRI WKHVRLO WR ODQGILOOZLOOJRXS
DQG WKH WHFKQLTXHZLOO EH OHVVDWWUDFWLYHHYHQZKHQGLVSRVLQJRI VPDOODPRXQWVRI
VRLO7KHUHIRUHFDUU\LQJRXWVHQVLWLYLW\DQDO\VLVDOORZVWKHLQSXWGDWDWREHYDULHGDQG
FRVWVWREHGHWHUPLQHGLQUHODWLRQWRWKHUHPHGLDWLRQJRDO,QWKLVVWXG\WKHIRFXVLV
RQ WLPH VFDOH DQG FRQYHUVLRQ LQWR PRQHWDU\ WHUPV IRU WKH GLIIHUHQW UHPHGLDWLRQ
RSWLRQVFRQVLGHUHGLQWKHVWXG\ 
'LVFXVVLRQ 
(FRQRPLF FRVW HVWLPDWLRQ FDQ EH GLIILFXOW GHSHQGLQJ RQ WKH FODVV RI FRVWV XQGHU






 ? ? ?
 
DUHDFWLYLWLHVWKDWFDQEHPHDVXUHGLQWHUPVRIILQDQFLDOYDOXHVDVFULEHGWRWKHPDQG
FDQ EH TXDQWLILHG ZLWK VRPH DFFXUDF\ 7KHVH FRVWV LQFOXGH WKH FRVW RI VLWH
LQYHVWLJDWLRQ DFTXLULQJ ODQGH[FDYDWLRQ ODERXUDQGFDSLWDO FRVWDQGFRVWVRI UDZ
PDWHULDOV 6DQGHUV DQG 9HUQRQ  DQG ($  DQG RWKHU UHOHYDQW FRVWV
GHSHQGLQJ RQ WKH W\SH RI UHPHGLDWLRQ WHFKQLTXH 0F(QWHH  :KLOH LQGLUHFW
FRVWV UHIOHFW DFWLYLWLHV WKDW LQGLUHFWO\ EULQJ DERXW FRVWV GXULQJ WKH SHULRG RI
UHPHGLDWLRQVXFKDVWKHWLPHVFDOHLWWDNHVIRUWKHUHPHGLDWLRQJRDOWREHDFKLHYHG
WKHFRVWRIPDLQWDLQLQJWKHVLWHGXULQJUHPHGLDWLRQDFWLYLWLHVDQGRWKHULQGLUHFWFRVWV
LQFOXGH FRPPXQLW\ GLVWXUEDQFH ILQDQFLDO ULVN SURFXUHPHQW DQG WHFKQRORJ\ ULVN
6X5)-8. 
&DWHJRULVLQJ UHPHGLDWLRQFRVWV LQ WKLVZD\ZLOOHQDEOHSUDFWLWLRQHUV WREXLOGDVDIH
GXUDEOH DQG HFRQRPLF VWUXFWXUH 7HGG  ,Q DSSUDLVLQJ DQ\ HQYLURQPHQWDO
SURMHFW+0WUHDVXU\8.VWLSXODWHVWKHLQGLUHFWFRVWRIDSURMHFWVKRXOGEHEURXJKW
LQWRWKHDVVHVVPHQW$OWKRXJKWKHFRVWVDVVRFLDWHGWRLQGLUHFWFRVWVFRXOGEHGLIILFXOW





UHGHYHORS WKHVH VLWHV DV JRYHUQPHQW WDUJHWV IRU QHZ KRPHV KDYH EHHQ LQFUHDVHG
&/*  7KH SURFHVV LV PDLQO\ GULYHQ E\ FRVW FRQVLGHUDWLRQV (XUR 'HPR
ZLWKVXEVWDQWLDODPRXQWVRIPRQH\EHLQJVSHQWRQUHGHYHORSLQJFRQWDPLQDWHG
ODQG 7D\ORU DQG 5DPV\  (VWLPDWLQJ WKH WUXH FRVWV ZLOO SURYLGH JXLGDQFH WR
UHPHGLDWLRQ SURIHVVLRQDOV DQG HQDEOH WKHP WR PDNH LQIRUPHG GHFLVLRQV RQ WKH
FKRLFHRIUHPHGLDWLRQVWUDWHJ\,QFRUSRUDWLRQRIWKHLQGLUHFWFRVWVLVRIWHQSUREOHPDWLF





%LRUHPHGLDWLRQ WHFKQLTXHV DUH RIWHQ DVVRFLDWHG ZLWK ORQJ GHOD\V EHFDXVH WKH
SURFHVVLVVORZDQGPD\UHVXOWLQKLJKFRVWVGXHWRWKHWLPHVFDOHIRUWKHUHPHGLDWLRQ
 ? ? ?
 
WDUJHW WR EH DFKLHYHG +RZHYHU LQ WKH VWXG\ KHUH WKH LQFOXVLRQ RI LQGLUHFW FRVWV
ZKLFK DUH DVVRFLDWHG ZLWK WKH GHOD\HG GHYHORSPHQW RI WKH ODQG PD\ PDNH
UHPHGLDWLRQRSWLRQVVXFKDVELRUHPHGLDWLRQPRUHIHDVLEOHDQGFRPSDUDEOH 
,Q WHUPV RI LQGLUHFW FRVWV 0RKDPHG DQG ,UDQL  LGHQWLILHG LQGLUHFW FRVWV WR
LQFOXGH OHDUQLQJ FRVWV FRVWV RI UHVLVWDQFH DQG FRVWV RI UHGHILQLQJ UROHV DQG WLPH
FRVWVDPRQJVWRWKHUVZKHQHYDOXDWLQJGLUHFWDQG LQGLUHFWFRVWV WKDWDUH LQYROYHG LQ
LQIRUPDWLRQ V\VWHPV 7KH\ VWDWHG WKH WLPH VSHQW LQ WUDLQLQJ VWDII RU XQGHUJRLQJ
PDQDJHPHQW WUDLQLQJ DUH QRW RIWHQ UHIOHFWHG LQ WKH RUJDQLVDWLRQ DFFRXQWLQJ ERRN
XQOHVV WKHRUJDQLVDWLRQREWDLQVD WLPHUHFRUGLQJV\VWHPZKHUH WKH LQGLUHFWFRVWRI
WLPHVSHQW LQ WUDLQLQJZRXOGEHDFFRXQWHG IRUDV LQIRUPDWLRQV\VWHPFRVWV5DWKHU
WKHRUJDQLVDWLRQZRXOGUHJDUGWKHLQGLUHFWFRVWVDVKLGGHQFRVWVLQDGGLWLRQWRRWKHU
FRVWV VXFK DV WLPH VSHQW LQ UHDGLQJ PDQXDOV VHOI-KHOS DFWLYLWLHV DQG LQIRUPDO MRE
WUDLQLQJZKLFKDUHQRWWUDFHDEOH 
,Q DQRWKHU VWXG\ /RYH  XQGHUWRRN D VWXG\ RQ WKH LQGLUHFW FRQVHTXHQFHV
ILQDQFLDOFRVWRIUH-ZRUNLQFRQVWUXFWLRQSURMHFWVDQGHVWLPDWHGWKHFRVWRIUHFWLI\LQJ
WKH GHIHFWV RI ZRUN OHIW E\ VXE-FRQWUDFWRUV DQG DVFULEHV ILQDQFLDO YDOXH WR ZDLWLQJ
WLPHV  KRXU # KRXU DQG ORVV RI SURGXFWLYLW\ DV D UHVXOW RI WKH GHOD\ LQ




WHUP LPSDFWV RI GHOD\HG FOHDQ-XSRQ SURSHUW\ YDOXHV LQ FRPPXQLWLHV QHLJKERXULQJ
SURPLQHQW6XSHUIXQGVLWHVLQWKH867KHUHVHDUFKVWXGLHGWKHVDOHVSULFHVRIDERXW




UHPHGLDWLRQ RI  P RI VRLO XVLQJ D UDQJH RI WHFKQLTXHV LQFOXGLQJ
ELRUHPHGLDWLRQ ZLWK %6*7KH DGGLWLRQ RI WKH LQGLUHFW FRVWV PDNHV ELRUHPHGLDWLRQ
FRPSDUDEOH WR RWKHU UHPHGLDWLRQ RSWLRQV KRZHYHU WKLV LV XQOLNHO\ WR KDSSHQ LQ
SUDFWLFH)LJXUHEHORZVKRZVWKH WRWDOFRVWRI UHPHGLDWLQJPXVLQJ WKH
GLIIHUHQWUHPHGLDWLRQRSWLRQVHYDOXDWHGLQWKHVWXG\   












$VFULELQJ YDOXHV WR LQGLUHFW FRVWV VXFK DV WKH WLPH GHOD\ LQ FDUU\LQJ RXW WKH
UHPHGLDWLRQ ZRUN FRXOG EH FRPSDUHG ZLWK WKH PRQHWDU\ YDOXHV RI WKH DOWHUQDWLYH
RSWLRQV VXFK DV WKH EHQHILW VWUHDP RI DQ LQYHVWPHQW SURMHFW ,Q WKLV FDVH LW ZDV
DWWULEXWHG WR UHQWDO YDOXHV WKDW ZRXOG KDYH EHHQ DFFUXHG GXULQJ WKH SHULRG RI
UHPHGLDWLRQ 7KH WLPH RI QRW SXWWLQJ WKH ODQG LQWR XVH FDQ EH FRPSDUDEOH WR WKH
DPRXQWRIPRQH\WKDWZRXOGEHORVWEHFDXVHRIWKHGHOD\LQUHPHGLDWLQJWKHODQG 






















BR+BSG = biormediation with brewery spent grain  BR-BSG = biormedaition without 
brewery spent grain  NA = natural attenuation  LD = Landfill  SVE = soil vapour 
extraction  TD = thermal desoption 
20,000 tonnes of soil remediation 
Direct
Indirect
 ? ? ?
 
DWWUDFWLYH ZKHQ WKH LQGLUHFW FRVW ZDV FRQVLGHUHG 7KLV LV EHFDXVH RI WKH GHOD\ LQ
UHPHGLDWLQJWKHVRLODQGWKHUHYHQXHWKDWZRXOGKDYHEHHQORVWLQWKDWWLPHIUDPH,Q
DVLPLODUSDWWHUQZKHQFRPSDULQJWKHODQGILOORSWLRQWRELRUHPHGLDWLRQZLWK%6*WKH
ODQGILOO PHWKRG UHTXLUHG D VKRUWHU WLPH OHVV LQGLUHFW FRVWV WR GLVSRVH RI WKH
FRQWDPLQDWHGVRLO\HWLWZDVOHVVDWWUDFWLYHWRELRUHPHGLDWLRQLQWHUPVRIWRWDOFRVWV
7KH KLJK FRVW RI ODQGILOO GLVSRVDO FDQ EH DWWULEXWHG WR LQFOXGH WKH FDSDFLW\ RI WKH




VRLOGLVSRVHGWR ODQGILOO+RZHYHU LIDQ\RIWKHVHIDFWRUVFKDQJHVWRIDYRXUH ODQGILOO
WKHFRVWVPD\EHFRPHFRPSDUDEOHWRELRUHPHGLDWLRQ 
7KHWHFKQLTXHRI69(DQGWKHUPDOGHVRUSWLRQKDYHKLJKHUGLUHFWDQGLQGLUHFWFRVWV





 +RZHYHU 69( LV PRUH HIIHFWLYH LQ UHPRYLQJ RUJDQLF FRQWDPLQDQWV ZLWK
YDSRXUSUHVVXUHJUHDWHUWKDQPPPHUFXU\DQGWKLVLQFOXGHVFKORULQDWHGVROYHQWV




ZLOOEHVLJQLILFDQWO\H[WHQGHG7KLV OLPLWDWLRQPD\VWDOO WKHXVHRI69(DQGPDNH LW
OHVVDWWUDFWLYH WR UHPRYHGLHVHOFRPSRXQGV IURPVRLOGXH WR WKH LQGLUHFWFRVWV WKDW
ZRXOGEHLQFXUUHG 
+LJK HQHUJ\ XVDJH E\ WKHUPDO GHVRUSWLRQ PD\ UHVXOW LQ HFRQRPLF DFWLYLWLHV WKDW
ZRXOG OHDGWRJUHHQKRXVHJDVHPLVVLRQVZKLFK LV OLNHO\ WRKDYHFRQVHTXHQFHVIDU
LQWR WKH IXWXUH 7KH 8. JRYHUQPHQW KDV VHW XS HIIHFWLYH ZD\V RI GHOLYHULQJ WKH
UHTXLUHGHPLVVLRQVWRPHHWFDUERQEXGJHWVVHWXQGHUWKH&OLPDWH&KDQJH$FW8VLQJ
WHFKQLTXHVVXFKDV WKHUPDOGHVRUSWLRQ LQ WKH8.ZLOO LQFXUDFDUERQ WD[ LISURSHU
 ? ? ?
 








WKDW LV IL[HG UHODWLYH WR RQH IDFWRU PD\ FKDQJH ZLWK DQRWKHU 6X5)-8. 
VXJJHVWWKDWVHQVLWLYLW\DQDO\VLVVKRXOGEHFRQVLGHUHGDVDQHOHPHQWRIVXVWDLQDELOLW\
DVVHVVPHQW ZKHQ HYDOXDWLQJ UHPHGLDWLRQ SURMHFWV LQ RUGHU WR DFFRPPRGDWH WKH
YDULDWLRQLQLQSXWGDWDDQGKRZDVVXPSWLRQFDQLQIOXHQFHWKHRYHUDOORXWFRPHRIDQ
DVVHVVPHQW 7KH QH[W VHFWLRQ GHVFULEHV WKH VHQVLWLYLW\ DQDO\VLV RI YDULRXV
UHPHGLDWLRQRSWLRQVFRQVLGHUHGLQWKHVWXG\ 
6HQVLWLYLW\DQDO\VLV 
7KH DQDO\VLV IRFXVHV RQ KRZ FRQFOXVLRQV RQ WKH WRWDO FRVWV GHSHQG RQ FHUWDLQ
DVVXPSWLRQV XVHG WR DUULYH DW WKH FRQFOXVLRQV ,Q RWKHU ZRUGV WKH DQDO\VLV WHVWV
ZKHWKHU WKH YDULDEOHV XVHG KROG D ZLGHU FRQILGHQFH PDUJLQ WKDW DFFRXQWV IRU WKH
GLIIHUHQFHV LQ PHDVXULQJ YDULRXV FRVWV 7KHVH DQDO\VHV DUH LQKHUHQW VXEMHFWLYH
YDOXHVRIWKHDVVHVVRUVDVLWLVSRVVLEOHWKDWGLIIHUHQWDVVHVVRUVSUHVHQWHGZLWKWKH
VDPH VFHQDULR DQG LQIRUPDWLRQ PD\ DUULYH DW GLIIHUHQW DVVHVVPHQWV RU RSWLPXPDO









WRQQHV RI VRLO LQ WDEOH  DQG WKH GLUHFW DQG LQGLUHFW FRVWV ZHUH SUR-UDWD 7KLV
 ? ? ?
 
DQDO\VLVVKRZHGFRVWVZKHQDQGWRQQHVRIFRQWDPLQDWHGVRLO





)LJXUH  DERYH VKRZV KRZ WKH FRVW LV VHQVLWLYH WR WKH TXDQWLW\ RI VRLO WR EH
UHPHGLDWHG:KHQWRQQHVPVRLOVLVWREHELRUHPHGLDWHGWKHFRVW
ULVHV EXW ZLWK WKH ORZHU DPRXQW RI VRLO WR EH UHPHGLDWHG WKH FRVW UHGXFHV 7KH
ELRUHPHGLDWLRQWUHDWPHQWZLWKRXW%6*IROORZVDVLPLODUSDWWHUQDVWKHYROXPHRIVRLO
UHGXFHVWKHFRVWGHFUHDVHV 
:KHQQDWXUDO DWWHQXDWLRQ LV FRQVLGHUHG WKH LQFUHDVH RUGHFUHDVH LQ WKH YROXPH RI
VRLOPDNHVOLWWOHRUQRFKDQJHVWRWKHFRVWVRIUHPHGLDWLRQWKHUHDVRQEHLQJWKDWWKH





















BR+BSG = bioremediation + BSG  BR-BSG= bioremediation- BSG NA= natural 
















DWWULEXWHG WR ORZHU HQHUJ\ FRVW +RZHYHU LI WKHUPDO GHVRUSWLRQ FDQ PDNH XVH RI
FXUUHQWWHFKQRORJ\VXFKDVDKHDWH[FKDQJHUVZKLFKFDQUHFRYHUDSSUR[LPDWHO\
RIKHDWHQHUJ\ IURP WKHRUJDQLFSROOXWDQW LQ WKHFRQWDPLQDWHGVRLO 85/DQGXVH
WKHHQHUJ\DVDOWHUQDWLYHSRZHUVRXUFHWKHRSHUDWLQJFRVWVZLOOEHUHGXFHG7KHXVH




7KLV LQVHQVLWLYLW\ RI WKH FRVW LQ UHODWLRQ WR WKH TXDQWLW\ FRXOG EH DWWULEXWHG WR WKH
LQGLUHFW FRVW RI GHOD\ DQG KLJK IL[HG FRVW WKDW LV DVVRFLDWHG ZLWK WKH UHPHGLDWLRQ
RSWLRQ 
%LRUHPHGLDWLRQEHFRPHVPRUHSURPLVLQJDQGDWWUDFWLYHWRDGRSWZKHQWKHYROXPHRI
VRLO LV KLJK VXFK DV  P  WRQQHV DQG  P  WRQQHV
/DQGILOORSWLRQEHFRPHVDWWUDFWLYHDVWKHYROXPHRIVRLOGHFUHDVHVIURPPWR
 P  WRQQHV DQG FRPSDUDEOH WR RWKHU UHPHGLDWLRQ RSWLRQV LQFOXGLQJ
ELRUHPHGLDWLRQ DQG WKLV FRXOG EH WKH SRVVLEOH UHDVRQ ZK\ PRVW UHPHGLDWLRQ
SUDFWLWLRQHUVRSWIRUODQGILOOZKHQWKHYROXPHRIVRLOLVVPDOO 
7KH DGRSWLRQ RI RWKHU WHFKQLTXHV VXFK DV ELRUHPHGLDWLRQ ZLWKRXW %6* WKHUPDO
GHVRUSWLRQDQG69(LQWKHVWXG\GRHVQRWOHDGWRDUHGXFWLRQLQFRVWVFRPSDUHGWR




RQ WLPH3:7%2IWHQ LQ WKH8. ODQGILOO LVFRQVLGHUHG WKHSUHIHUUHGRSWLRQ
&/$,5(+RZHYHUWKHFRVWDVVRFLDWHGZLWKWKHGHOD\LVQRWHDVLO\TXDQWLILHG
 ? ? ?
 
LQPRQHWDU\ WHUPVDQG LVRIWHQQRWFRQVLGHUHG LQ WKHVHOHFWLRQRI UHPHGLDORSWLRQV
%XWH[SUHVVLQJ WKLVGHOD\ LQ WHUPVRI WKH UHOHYDQWRSSRUWXQLW\FRVWRIQRWXVLQJ WKH
ODQG GXULQJ UHPHGLDWLRQ DFWLYLWLHV DQG PRQHWLVLQJ LW DOORZV IRU WKH IXOO FRVW RI
UHPHGLDWLRQWREHHYDOXDWHG 
&RQFOXVLRQV 
5HPHGLDWLRQ FRVWV VKRXOG QRUPDOO\ EH H[WHQGHG WR FRYHU WKH SHULRG RI WKH XVHIXO
OLIHWLPHRIWKHSURMHFW7KHFRVWVWREHFRQVLGHUHGVKRXOGLQFOXGHGLUHFWDQGLQGLUHFW
FRVWV ,Q WKLV VWXG\ XVLQJ GLUHFW DQG LQGLUHFW FRVWV WKH FKHDSHVW RSWLRQ ZDV
ELRUHPHGLDWLRQZLWK%6*ZLWKQDWXUDODWWHQXDWLRQEHLQJWKHPRVWH[SHQVLYHRSWLRQ 
+RZHYHULIWKHGLUHFWFRVWVDUHXVHGWKHFKHDSHVWZRXOGEHQDWXUDODWWHQXDWLRQDQG
WKH PRVW H[SHQVLYH ZLOO EH WKHUPDO GHVRUSWLRQ /DQGILOO DQ RSWLRQ FXUUHQWO\ PRVW
RIWHQXVHGIRU WKLV W\SHRIVLWH LQWKH8.VKRZHGWKDW WKHHYDOXDWLRQRI WKHGLUHFW
DQGLQGLUHFWFRVWLVLQWKHPLGGOHRIWKHFRVWKLHUDUFK\KLJKOLJKWHG 
0RUHVRLQWKHVWXG\KHUHVHQVLWLYLW\DQDO\VLVLVXVHGWRGHPRQVWUDWHKRZVHQVLWLYH
UHPHGLDWLRQFRVWVFRXOGEH LQSUDFWLFH LI FHUWDLQFRQGLWLRQVFKDQJH7KHVHQVLWLYLW\
DQDO\VLV DOVR VKRZV WKDW UHPHGLDWLRQ FRVWV DUH VHQVLWLYH WR FHUWDLQ FRQGLWLRQV DQG
FRXOGEHDIXQFWLRQRI WKHSXUSRVHRI WKHVLWH WHFKQRORJ\XVHGDQGGXUDWLRQRI WKH


















7KLV FKDSWHU DLPV WR GHWHUPLQH WKH HQYLURQPHQWDO LPSDFWV RI WKH VL[ GLIIHUHQW
UHPHGLDWLRQ RSWLRQV FRQVLGHUHG LQ WKH VWXG\ LQ UHODWLRQ WR DLU ZDWHU DQG ODQG
SROOXWLRQ 6RLO UHVSLUDWLRQ PHDVXUHG LQ WKH ODERUDWRU\ ZDV XVHG WR FDOFXODWH WKH




HYDOXDWHG LQ UHODWLRQ WR WKH WKUHH PHGLD DLU ZDWHU DQG ODQG WR GHWHUPLQH ZKLFK
UHPHGLDORSWLRQLVOHDVWHQYLURQPHQWDOO\VXVWDLQDEOH7KHQH[WVHFWLRQVGHVFULEHWKH
PHWKRGV XVHG WR GHWHUPLQH WKH HQYLURQPHQWDO LPSDFWV RI YDULRXV UHPHGLDWLRQ
RSWLRQV LQFOXGLQJ WKH GHWHUPLQDWLRQ RI &2 GDWD FROOHFWLRQ HPLVVLRQ IDFWRUV DQG
WKHLUMXVWLILFDWLRQUHVXOWVGLVFXVVLRQDQGFRQFOXVLRQ 
(QYLURQPHQWDOLPSDFWVDQGODQGFRQWDPLQDWLRQ 
7KHSRVW LQGXVWULDO UHYROXWLRQVDZDGHFOLQH LQHQYLURQPHQWDO TXDOLW\HVSHFLDOO\DLU
ZDWHU ODQG DQG WKH GHSOHWLRQ RI QDWXUDO UHVRXUFHV (GZDUG--RQHV HW DO 
'XULQJ WKH SDVW WZR GHFDGHV SXEOLF FRQFHUQ UHJDUGLQJ HQYLURQPHQWDO LVVXHV KDV
ULVHQLQOLQHZLWKDZDUHQHVVRILQFUHDVLQJSROOXWLRQOHYHOVORVVRIQDWXUDOKDELWDWDQG
WKH HIIHFW RI HQYLURQPHQWDO GHJUDGDWLRQ XSRQ KXPDQ KHDOWK DQG ZHOO-EHLQJ
%RQQLHX[DQG5DLQHOOL7KHUHIRUHPHPEHUVRI WKH LQGXVWULDOVRFLHW\DUH UH-
WKLQNLQJ KRZ EHKDYLRXU UHOLDQFH RQ WHFKQRORJ\ DQG FRQVXPSWLRQ RI HQHUJ\ DUH
LPSDFWLQJRQWKHHQYLURQPHQW 
&RQWDPLQDWHG ODQG UHPHGLDWLRQ H[SHUWV DUH DOVR DZDUH RI WKH FRQFHUQV DQG WKH
LPSDFWVRIUHPHGLDWLRQDFWLYLWLHVRQERWKWKHHQYLURQPHQWDQGLQSDUWLFXODURQJOREDO
FOLPDWH FKDQJH (OOLV DQG +DUGOH\  3HWUROHXP K\GURFDUERQV DUH FRPPRQ
HQYLURQPHQWDO FRQWDPLQDQWV DQG DUH XELTXLWRXV LQ ERWK WKH WHUUHVWULDO DQG DTXDWLF
HQYLURQPHQW0XLMVDQG-RQNHU,QDGGLWLRQWKHUHDUHDUDQJHRIWHFKQRORJLHV




3UHYLRXV FKDSWHUV RI WKLV WKHVLV KDYH HYDOXDWHG VHYHUDOPHWKRGV LQ WHUPV RI WKHLU
HIIHFWLYHQHVV DQG WKHLU HFRQRPLF YLDELOLW\ 7KH UDQJH RI PHWKRGV HYDOXDWHG LQ WKH
VWXG\ UHSRUWHG KHUH FDQ EH GLYLGHG LQWR WUDGLWLRQDO HQJLQHHUHG PHWKRGV VXFK DV
ODQGILOO QDWXUDO DWWHQXDWLRQ DQG 69( DQG QHZHU SURFHVV-EDVHG PHWKRGV VXFK DV
ELRUHPHGLDWLRQ DQG WKHUPDO GHVRUSWLRQ 7KH UHVXOWV UHSRUWHG LQ SUHYLRXV FKDSWHUV
LQGLFDWH WKDWHDFK RI WKHVH PHWKRGVGLIIHUV LQ WHUPVRI FRVW HIIHFWLYHQHVV DQG WKH
WLPH VFDOH UHTXLUHG IRU FOHDQ-XS +RZHYHU WKHVH UHPHGLDO RSWLRQV PD\ KDYH
DVVRFLDWHGHQYLURQPHQWDO LPSDFWVDQGKHDOWK ULVNV WRERWKZRUNHUVDW WKHVLWHDQG
WKHQHDUHVWQHLJKERXUV 
7KHWUDGLWLRQDOHQJLQHHULQJPHWKRGVVXFKDV ODQGILOORURIIVLWHGLVSRVDOVLPSO\PRYH
WKH FRQWDPLQDQWV WR D GLIIHUHQW ORFDWLRQ 0DQVILHOG DQG 0RKDQ  0RYLQJ
FRQWDPLQDWLRQDURXQGWKHFRXQWU\ IRUGLVSRVDO LQD ODQGILOOFUHDWHV LQWUXVLRQWKURXJK
YHKLFOHPRYHPHQWVDQGPD\DOVRLQFUHDVHWKHSRWHQWLDOULVNWRKXPDQKHDOWKDQGWKH
ORFDO HQYLURQPHQW WKURXJK WUDIILF DFFLGHQWV DQG H[SRVXUH WR GXVW ($  7KH
5R\DO &RPPLVVLRQ IRU (QYLURQPHQWDO 3ROOXWLRQ 5&(3 GHVFULEHG HQJLQHHUHG
PHWKRGVDVHQYLURQPHQWDOO\XQVDWLVIDFWRU\FRPSDUHG WRSURFHVVEDVHG WHFKQLTXHV
LQ WKDW WKH SURFHVV EDVHG WHFKQLTXHV UHPRYH WKH FRQWDPLQDQWV IURP WKH VRLO DQG
EUHDNWKHPGRZQLQWRKDUPOHVVVXEVWDQFHVLQFOXGLQJ&2DQGZDWHU5&(3
+RZHYHU WKHVHWHFKQLTXHVDUH OHVVIDPLOLDUZLWKLQWKHUHPHGLDWLRQ LQGXVWU\DVWKH\
IUHTXHQWO\ODFNDFRPSUHKHQVLYHKLVWRU\RIXVDJH0DQVILHOGDQG0RRKDQDQG
PD\QRWEHDVHQYLURQPHQWDOO\IULHQGO\DVLQLWLDOO\WKRXJKW 





HQYLURQPHQW (OOLV DQG +DUGOH\  $GGLWLRQDOO\ WKH HQYLURQPHQWDO LPSDFWV RI
LPSOHPHQWLQJ WKH UHPHGLDWLRQ SURFHVV VKRXOG QRW EH PRUH WKDQ WKH LPSDFWV RI
OHDYLQJWKHODQGXQWUHDWHG&/$,5( 
,Q WKH 8. HQYLURQPHQWDO LPSDFWV WKDW DUH DVVRFLDWHG ZLWK UHPHGLDWLRQ DFWLYLWLHV





DQG HFRORJ\ XVH RI QDWXUDO UHVRXUFHV ZDVWH JHQHUDWLRQ HIIOXHQW GLVFKDUJH
HPLVVLRQV RI JUHHQKRXVH JDVHV KDXODJH GLVWDQFH HQHUJ\ FRQVXPSWLRQ FOLPDWH
FKDQJH ELRGLYHUVLW\ ZDWHU FRQVXPSWLRQ GXVW PRQLWRULQJ YHKLFOH PRYHPHQW URDG
ZHDU URDG WUDIILF DFFLGHQW DQG HPLVVLRQV DQG FDUERQ IRRWSULQWV ,Q WKH UHYLHZ RI
-DFNVRQ DQG 5REHUWV  WKH\ DVVHUWHG WKDW LQ D VLWXDWLRQ ZKHUH D ORQJ OLVW RI
LQGLFDWRUV DUH SURYLGHG ZKHQ PHDVXULQJ WKH VXVWDLQDELOLW\ RI SURMHFWV D VKRUWOLVW
DSSURSULDWH WR WKH LQWHQGHG JRDO EDVHG RQ WKH GHVLUHG FKDUDFWHULVWLF IRU VXFK
LQGLFDWRUVVKRXOGEHFKRVHQ 





¾ 6HOHFWHG NH\ SHUIRUPDQFH LQGLFDWRUV FRQVLGHUHG VLJQLILFDQW WR WKH
LPSDFWV RI WKH UHPHGLDWLRQ ZRUN ZLOO EH HYDOXDWHG LQ OLQH ZLWK WKH
DFWLYLWLHVRIWKHUHPHGLDWLRQWHFKQLTXHV 
¾ 7KH HQYLURQPHQWDO LPSDFWV RQ DLU ZDWHU DQG ODQG UHVXOWLQJ IURP WKH
GLIIHUHQW UHPHGLDWLRQDFWLYLWLHVZLOOEHHYDOXDWHG WKURXJK WKHFROOHFWLRQ
RIVHFRQGDU\GDWD 
¾ 7KH LQIRUPDWLRQ REWDLQHG ZLOO EH XVHG WR FRVW WKH HQYLURQPHQWDO
LPSDFWVRIELRUHPHGLDWLRQZLWKDQGZLWKRXW%6*DQGWKHUHVXOWVZLOOEH















7KH PHDVXUHPHQW RI &2 DV D UHVXOW RI VRLO UHVSLUDWLRQ LV D PHDQV RI PHDVXULQJ
FDUERQ HPLVVLRQV DQG KHQFH RQH RI WKH HQYLURQPHQWDO FRVWV IRU ELRORJLFDO
UHPHGLDWLRQRIVRLOV0HDVXULQJ&2HPLVVLRQVGXULQJWKHELRUHPHGLDWLRQSURFHVVLQ
WKH ILHOG LV SUREOHPDWLF DV LW LV GLIILFXOW WR FDSWXUH WKH &2 UHOHDVHG DFFXUDWHO\
+RZHYHULQWKHODERUDWRU\XVLQJDFRPPRQFKDPEHUPHWKRGVXFKDVDFORVHGIODVN
ZKHUH WKHUH LV QR DLU-FLUFXODWLRQ WKH &2 HIIOX[ FDQ EH DFFXUDWHO\ PHDVXUHG E\
FKHPLFDOWLWUDWLRQDIWHULWKDVEHHQDEVRUEHGLQWRDVROXWLRQ 












% of diesel in 
the soil 
 
Grams of soil + 
diesel  
 
BSG % added 
in grams 
 




































Table 6.1 - Composition of the different treatments evaluated: soil only 
(control), soil plus diesel, soil plus diesel plus 10% BSG and soil plus 
diesel plus 20% BSG. 
 
,Q SUHSDULQJ WKH H[SHULPHQW WKH VDPH SURWRFRO XVHG LQ VHFWLRQ  ZDV DGRSWHG
DQG DSSOLHG (DFK WUHDWPHQW FRQVLVWHG RI  NJ RIPL[HG VRLO WUHDWHGDVGHWDLOHG LQ
7DEOHDERYH)RUHDFKWUHDWPHQWWKHVRLOZDVWUDQVIHUUHGLQWRDERWWOHRIOLWUH




)LJXUH  VKRZV WKH FRQVWUXFWLRQ RI WKH H[SHULPHQW DQG WKH VRLO LQ WKH  OLWUH
ERWWOHVEHLQJLQFXEDWHGLQWKHRYHQDWDWHPSHUDWXUHRI-& 
 






7KH IROORZLQJ PHWKRG ZDV DGRSWHG WR GHWHUPLQH WKH VRLO UHVSLUDWLRQ DW WKH HQG RI
HYHU\WZRZHHNV 
0HDVXUHPHQWRI&2DQGGHWHUPLQDWLRQRIVRLOUHVSLUDWLRQ 




 7KH &2 WUDSSHG LQ WKH ERWWOHV ZDV FDSWXUHG DQG WUDQVIHUUHG LQWR D  FPV
(UOHQPH\HU IODVN7RGR WKLVRQHRI WKH WXEHV LQ WKHERWWOHZDV LQVHUWHG LQWRDQDLU
SXPSDQG WKH RWKHU WXEH ZDV FRQQHFWHG LQWR WKH WRS RI WKH FPV (UOHQPH\HU
IODVNZKLFKKDVDVWRSSHU WXEHFRQQHFWHG WR LW7KHQDQRWKHU WXEHZDVFRQQHFWHG
IURP WKH VLGH RI (UOHQPH\HU IODVN WR DQ DUP WHVW WXEH 7KH DUP WHVW WXEH KDV DQ
RSHQLQJDWWKHVLGHRILW)LJXUHLOOXVWUDWHVDFRQFHSWXDOOD\RXWRIWKHFRQVWUXFWLRQ
DQGKRZWKH&2ZDVWUDSSHGDQGFRQWDLQHG  








ZKLFK FRQWDLQV DERXW  FPV $SSUR[LPDWHO\ 0 RI VRGLXP K\GUR[LGH 7KH
SXPSLQJSURFHVVWRRNDERXWKRXUV7KHFRQWDLQPHQWRIWKH&2LQVXFKDFORVHG
FRPSDUWPHQWDQGLWVWUDQVIHUWRDVHDOHGDSSDUDWXVDOORZVWKHVRGLXPK\GUR[LGHWR
DEVRUE WKH &2 0RUH VR WKH SXUSRVH RI WKH VLGH DUP WHVW WXEH ZDV WR FDSWXUH








F  GURSV RI PHWK\O RUDQJH ZHUH DGGHG DQG WKH WLWUDWLRQ ZDV FRQWLQXHG XQWLO DQ










,QRUGHU WRDUULYHDW WKHDFWXDO&2 J WKH UHVXOWVRI WKHFRQWURO VRLOZKLFKZDVD
WUHDWPHQWZLWKRXWDQ\DPHQGPHQWRUZLWKRXWDQ\DGGLWLRQRIGLHVHOZHUHGHGXFWHG
HLWKHU IURP WKH WUHDWPHQW ZLWK %6* RU WUHDWPHQW ZLWKRXW %6* 7KH DYHUDJH &2





   types 


















27/1000 1 44.01 0.308 0.88 
Bioremediation 
20% BSG 
30.5/1000 1 44.01 0.308 1.03 
Bioremediation 
(without BSG) 
24.40/1000 1 44.01 0.308 0.77 
Control soil 7/1000 1 44.01 0.308 - 
 
Table 6.2: CO2 released after 14 days bioremediation with/without BSG 
 
 ? ? ?
 
 
Day 42 CO2 emitted by four types 
Treatments 
 
   types 


















10/1000 1 44.01 0.0206 0.23 
Bioremediation 
20% BSG 
12.33/1000 1 44.01 0.0206 0.34 
Bioremediation 
(without BSG) 
9.33/1000 1 44.01 0.0206 0.21 
Control soil 7/1000 1 44.01 0.0206 - 
 




    


















14.88/1000 1 44.01 0.118 0.54 
Bioremediation 
(20% BSG) 
15.77/1000 1 44.01 0.118 0.58 
Bioremediation 
(without BSG) 
8.83/1000 1 44.01 0.118 0.271 
Control soil 2.67/1000 1 44.01 0.118 - 
 
Table 6.3:  CO2 released after 28 days bioremediation with/without BSG. 






   types 


















4.33/1000 1 44.01 0.076 0.12 
Bioremediation 
20% BSG 
5.68/1000 1 44.01 0.076 0.17 
Bioremediation 
(without BSG) 
5.67/1000 1 44.01 0.076 0.17 
Control soil 1.73/1000 1 44.01 0.076 - 
 























5.33/1000 1 44.01 0.088 0.14 
Bioremediation 
(20% BSG) 
6.67/1000 1 44.01 0.088 0.21 
Bioremediation 
(without BSG) 
4.9/1000 1 44.01 0.088 0.13 
Control soil 2/1000 1 44.01 0.088 - 
 
Table 6.5:  CO2 released after 56 days bioremediation with/without BSG. 




   types 
















2.67/1000 1 44.01 0.038 0.080 
Bioremediation 
20% BSG 
4.66/1000 1 44.01 0.038 0.17 
Bioremediation 
(without BSG) 
2.67/1000 1 44.01 0.038 0.080 
Control soil 0.87/1000 1 44.01 0.038 - 
 




   types 


















4.66/1000 1 44.01 0.015 0.19 
Bioremediation 
20% BSG 
11.55/1000 1 44.01 0.015 0.49 
Bioremediation 
(without BSG) 
3.9/1000 1 44.01 0.015 0.16 
Control soil 0.33/1000 1 44.01 0.015 - 
 









Soil + Diesel  
CO2 (g) 
Soil + Diesel + 10% BSG 
CO2 (g) 
Soil + Diesel + 20% BSG 
CO2 (g) 
Day 14 0.77 0.88 1.01 
Day 28 0.27 0.54 0.58 
Day 42 0.21 0.23 0.34 
Day 56 0.13 0.14 0.21 
Day 77 0.17 0.12 0.17 
Day 98 0.08 0.08 0.17 
Day 129 0.16 0.19 0.49 
Total 1.79 2.18 2.97 
  
Table 6.9: CO2 measured on days 14, 28, 42, 56, 77, 98 and 129 for soil plus 




JRIGLHVHOZDVDGGHG WR NJRIVRLOGXULQJELRUHPHGLDWLRQDFWLYLWLHV UHFRUGHGRQ
'D\DQGGD\V 
'DWDFROOHFWLRQ 
7KH HVWLPDWLRQ RI WKH &2 HPLWWHG E\ ELRUHPHGLDWLRQ ZLWK DQG ZLWKRXW %6* ZDV
EDVHGRQWKHODERUDWRU\H[SHULPHQWFRQGXFWHGLQWKLVVWXG\7KHUHVXOWVVKRZHGWKDW
XVLQJ %6* UHVXOWHG LQ PRUH &2 EHLQJ HPLWWHG WKDQ LQ WKH DEVHQFH RI %6*7KH
DPRXQWRI&2REWDLQHGIURPWKHVWXG\ZDVDXVHIXOPHDQVRIDVFULELQJGDWDWRWKH
HQYLURQPHQWDO LPSDFWV RI ELRUHPHGLDWLRQ ,Q RUGHU WR DVVLJQ YDOXHV IRU RWKHU
UHPHGLDWLRQWHFKQLTXHVLQIRUPDWLRQZDVVRXUFHGIURPDYDULHW\RIVRXUFHVVXFKDVD
OLWHUDWXUH VHDUFK LQFOXGLQJ SURIHVVLRQDO MRXUQDOV DQG SXEOLFDWLRQV WKLV LQIRUPDWLRQ
ZDVWKHQDSSOLHGWRWKHK\SRWKHWLFDOFDVHVWXG\VLWH 
 ? ? ?
 
$FWXDO ILHOG GDWD RQ HQYLURQPHQWDO IRRWSULQWV IRU WKH IXOO UDQJH RI UHPHGLDWLRQ
WHFKQLTXHV XVHG IRU FRQWDPLQDWHG ODQG VLWHV DUH VSDUVH LQ WKDW LW LV LPSUDFWLFDO WR
REWDLQ HQYLURQPHQWDO GDWD WKDW ZRXOG EH UHSUHVHQWDWLYH RI DOO SURMHFW DSSOLFDWLRQV
VLWHW\SHVDQGFRQGLWLRQV:KLOVWVRPHFDVHVWXG\GDWDDUHDYDLODEOHIRUVLWHVZKHUH
DVSHFLILFUHPHGLDWLRQWHFKQLTXHKDVEHHQXVHGWKHVFHQDULRPD\EHGLIILFXOWWRDSSO\
WR RWKHU UHPHGLDWLRQ PHWKRGV RU VLWHV 7KHUHIRUH ILHOG GDWD UHOHYDQW WR WKH






.H\ DVVXPSWLRQV DQG LQSXWV VXFK DVHQHUJ\ DQG HPLVVLRQ FRQYHUVLRQ IDFWRUV DQG
DYHUDJHHQHUJ\XVHGZLOOEHFRQVLGHUHGLQWKHDQDO\VLV)RUH[DPSOHHOHFWULFLW\ZLOO
EH XVHG DV D GHIDXOW IDFWRU IRU DOO HQHUJ\ FRQVXPSWLRQ IRU WKH VL[ GLIIHUHQW
UHPHGLDWLRQPHWKRGVLQWKHVWXG\DQG+HDY\*RRGV9HKLFOH+*9VZLOOEHXVHGWR
GHOLYHUPDWHULDODQGZDVWHLQWKHVWXG\EHFDXVHRIWKHODUJHYROXPHRIVRLOWKDWZDV




,Q WKLVVWXG\ WKHYDOXHV IRU&+DQG12DUHSUHVHQWHGDV&2HTXLYDOHQW &2H
XVLQJ D JOREDO ZDUPLQJ SRWHQWLDO IDFWRU FRQVLVWHQW ZLWK UHSRUWLQJ XQGHU WKH .\RWR
3URWRFRO DQG WKH VHFRQG DVVHVVPHQW UHSRUW RI WKH ,QWHUJRYHUQPHQWDO 3DQHO RQ
&OLPDWH &KDQJH ,3&& 7KH HPLVVLRQ RI &2 DQG RWKHU JDVHV VXFK DV &+ DQG
12 DUH SRWHQWLDO JUHHQKRXVH JDVHV *+*V DQG WKH\ SOD\ PDMRU UROHV LQ FOLPDWH
FKDQJH ,3&&  (DFK JDV KDV D JOREDO ZDUPLQJ SRWHQWLDO PHDVXUHG DV WKH
UDWLRRIKHDWWUDSSHGE\RQHPHWULFWRQQHRIJDVWRWKDWRIRQHWRQQHRI&2RYHUD
VSHFLILFWLPHSHULRG758&267XVXDOO\\HDUV&ROSDQHWDO7KH
HPLVVLRQVRI WKHVH *+*V PXOWLSOLHGE\ WKHLU *OREDO:DUPLQJ 3RWHQWLDO *:3DUH
XVHGWRFDOFXODWHWKHHTXLYDOHQWOHYHORI&2HHPLVVLRQV&ROSDQHWDO 
7KH FRQYHUVLRQ IDFWRUV DOORZ DFWLYLWLHV GDWD VXFK DV OLWUHV RI IXHO XVHG QXPEHU RI
 ? ? ?
 









 ? ? ?
 
7KH IDFWRUV SUHVHQWHG LQ WDEOH  ZHUH GHULYHG IURP WKH FRQYHUVLRQ IDFWRUV
SUHVHQWHGLQ'HIUD'(&&7KHVHHPLVVLRQIDFWRUVDUHEDVHGRQJSHUYHKLFOH
NPWUDYHO7KH\DUHXVHGWRFDOFXODWHWKHJRISROOXWDQWFRQFHQWUDWLRQLQWKHDLU,QWKH
8.HPLVVLRQV IRU NH\DLU SROOXWDQWV VXFKDV12[30301092&DQG&2
DUHFDOFXODWHGE\XVLQJVSHHGUHODWHGDFWLYLW\DQGYHKLFOHIORZVRQWKHURDGQHWZRUN
7KHH[FHSWLRQVDUH&2&+DQG12ZKLFKXVHVIXHOFRQVXPSWLRQDVDSUR[\IRU
WKH GLVWULEXWLRQ RI HPLVVLRQV (PLVVLRQ HVWLPDWHV LQ WKH 8. DUH FDOFXODWHG E\
DSSO\LQJDQHPLVVLRQIDFWRUWRDQDSSURSULDWHDFWLYLW\DVLQGLFDWHGEHORZ 
  (PLVVLRQ )DFWRU[$FWLYLW\    
7KHHPLVVLRQ IDFWRUVDUHEDVHGRQH[SHULPHQWDOPHDVXUHPHQWVRI HPLVVLRQV IURP
LQ-VHUYLFHYHKLFOHVRIGLIIHUHQWW\SHVGULYHQXQGHUDWHVWF\FOHZLWKGLIIHUHQWDYHUDJH







7UDQVSRUW 5HVHDUFK /DERUDWRU\ 75/ PHDVXUHG RYHU GLIIHUHQW WHVW F\FOHV 1$(,
:KLOHDFWLYLWLHVGDWDDUHGHULYHGIURP*RYHUQPHQWVWDWLVWLFDOVRXUFHVVXFKDV
8. (QHUJ\ VWDWLVWLFV 7UDQVSRUW 6WDWLVWLFV *UHDW %ULWDLQ DQG RWKHUV VXFK DV 8.
3HWUROHXP,QGXVWULHV$VVRFLDWLRQ8.3,$ZKLFKSURYLGHGDWDRQWKHVXOSKXUFRQWHQW
RIIXHOV1$(, 




HPLVVLRQV IDFWRUV SUHVHQWHG LQ 7DEOH  DQG DV VXFK QHHG QRW EH FDOFXODWHG
VHSDUDWHO\ +RZHYHU LQ WKH DVVHVVPHQW RI D SDUWLFXODU UHPHGLDWLRQ DFWLYLW\ ZKHUH
&2H KDV QRW EHHQ UHSRUWHG WKH FRQYHUVLRQ IDFWRUV DQG WKHLU JOREDO ZDUPLQJ
SRWHQWLDOZLOOQHHGWREHDSSOLHGXVLQJWKHYDOXHVLQ7DEOH 
 ? ? ?
 
EŽ͘ ĂƚĂ sĂůƵĞƐ  
6RXUFHVUHIHUHQFHV 
 
 ? &2WR&2H  ?  
'()5$'(&&*+*FRQYHUVLRQIDFWRU  ? &+WR&2H  ? ? 
 ? E ?KƚŽK ?Ğ  ? ? ?















 ? ? ? ? ? ? 
 ? (OHFWULFLW\FRQVXPSWLRQIRUGDWDPRQLWRULQJDQGSURFHVVLQJ
PHDVXUHGN:K 
 ? ? ? ? ? ? 
 ? (OHFWULFLW\FRQVXPSWLRQIRUDERYHJURXQGWUHDWPHQW
VWUXFWXUHPHDVXUHGN:K 
 ? ? ? ? ? 






   
 ? 0RIVRLOZLOOJHQHUDWHHOHFWULFLW\PHDVXUHGN:K  ? ? ?  
 







 ? ? )RUPLOHVDPRXQWRIOLWUHVRIIXHOXVHGIRU+*9VLQ8.  ? ? ? ? ? ? ? 'HSDUWPHQWIRUWUDQVSRUWDQGVWDWLVWLFV  
 ? ? H[FDYDWLQJWUDFWRUXVHVOLWUHVRIGLHVHO  ? ? 6LULXV  
 ? ? /LWUHVRIIXHOXVHGIRUELRUHPHGLDWLRQZLWK%6*  ? ? ?  $SSHQGL[OOO 





 ? ? (VWLPDWHGGLVWDQFHRIWKHVLWHLQ6XQGHUODQG7R+DUWOHSRRO
PHDVXUHGLQNP 










7KH YDOXHV IRU &2H XVHG LQ WKH VWXG\ ZHUH GHULYHG IURP FRQYHUVLRQ IDFWRUV
SUHVHQWHG E\ 'HIUD'(&&  7KHVH DUH NH\ SROOXWDQWV WKDW DIIHFW FOLPDWH
FKDQJH RU OHDG JOREDO ZDUPLQJ 2WKHU &2 FDOFXODWLRQV ZHUH IURP WKH XVH RI
HOHFWULFLW\DQG LQ WKH86 LWZDVPHDVXUHGDV LEVN:KZKLFK LVHTXLYDOHQWRI
NJ N:K ,Q WKHVWXG\ UHSRUWHGKHUH WKHVDPHYDOXHZDVXVHG WR FDOFXODWH




,Q WKH VWXG\ UHSRUWHG KHUH KHDY\ JRRGV YHKLFOHV +*9V ZHUH XVHG LQ WLSSLQJ
WUDQVSRUWLQJ ZDVWHV DQG PDWHULDOV IURP WKH FRQWDPLQDWHG VLWH WR WKH GLVSRVDEOH
ORFDWLRQ WKH\ ZHUH DOVR XVHG LQ H[FDYDWLQJ DQG WXUQLQJ RI WKH VRLO GXULQJ WKH
ELRUHPHGLDWLRQSURFHVV7RGHULYHWKHHPLVVLRQIRUDSDUWLFXODUSROOXWDQWWKHHPLVVLRQ
FRQYHUVLRQ IDFWRU LVDSSOLHG WR WKHGLVWDQFHFRYHUHG IRU WKDW MRXUQH\ 1$(,








$VSDUWRI WKHFRPPLWPHQWV WR WKH&RQYHQWLRQRQ/RQJ-5DQJH7UDQVERXQGDU\$LU
3ROOXWLRQ&/57$3FRXQWULHVDUHPDQGDWHGWRVXEPLWHPLVVLRQSURMHFWLRQVIRU12[
62[ 1092& DQG 1+ XQGHU WKH *RWKHQEXUJ 3URWRFRO 1$(,  7KHVH
SROOXWDQWV DUH DOVR FRYHUHG XQGHU WKH 'LUHFWLYH (& RI WKH (XURSHDQ
3DUOLDPHQW DQG WKH &RXQFLO RQ 1DWLRQDO (PLVVLRQV &HLOLQJV 1(&' DQG VRPH RI
WKHVH HPLVVLRQV DUH FRYHUHG XQGHU WKH 81 )UDPHZRUN &RQYHQWLRQ RQ &OLPDWH
&KDQJH 81)&&& LQFOXGLQJ FDUERQ GLR[LGH QLWURXV R[LGH PHWKDQH
 ? ? ?
 
K\GURIORXURFDUERQV SHUIOXRURFDUERQV DQG VXOSKXU KH[DIOXRULGH ZKLFK DUH UHSRUWHG








































































































































































































:KHUH %5 ELRUHPHGLDWLRQ/' ODQGILOOGLVSRVDO1$ 1DWXUDODWWHQXDWLRQ69( VRLOYDSRXU
H[WUDFWLRQ7' 7KHUPDOGHVRUSWLRQ7&2H 0HWULFWRQQHVFDUERQGLR[LGHHTXLYDOHQW 
 




LQ WKH VWXG\ $V FDQ EH VHHQ IURP WKH UHVXOWV WKH &2 &+ DQG 12 DQG RWKHU
SROOXWDQWVVXFKDV12[3030&292&1+DQG62ZHUHFDOFXODWHGIURP





7KH WRWDO YROXPH RI &2 HYROYHG IURP WKH ELRUHPHGLDWLRQ SURFHVV ZLWK %6* ZDV
SUHYLRXVO\FDOFXODWHGWREHJDQGZLWKRXW%6*ZDVJZKHQWKHVRLOYROXPH
ZDV  NJ ZLWK  GLHVHO FRQWDPLQDQWV  J LQ 7DEOH  7KHVH YDOXHV ZHUH
REWDLQHG IURP WKH UHVSLURPHWU\ H[SHULPHQW FDUULHG RXW LQ WKH ODERUDWRU\ LQ VHFWLRQ
:KLOHLQWKHK\SRWKHWLFDOVLWHXVHGLQWKHVWXG\WKHPDVVRIFRQWDPLQDQWVZDV
NJGLHVHOLQWKHPRIVRLO,QRUGHUWRDUULYHDWWKHDPRXQWRI&LQ
WKHVWXG\KHUH WKH LQLWLDOYDOXHRI&2REWDLQHG LQ WKH ODERUDWRU\ZDVH[WUDSRODWHG
7KHUHIRUH LI WKH WUHDWPHQWZLWKVRLOSOXVGLHVHOSOXV%6*JHQHUDWHGJRI
&2ZKHQJRIGLHVHOZDVDGGHGWKHQ&2WKDWZRXOGEHJHQHUDWHGLINJ
 J RI FRQWDPLQDQWV ZHUH UHPHGLDWHG FDQ EH FDOFXODWHG WR EH  NJ
    ,Q RUGHU WR FDOFXODWH WKH &2H WKH YDOXH RI  DUH











RI %6* ZRXOG DFKLHYH WKH UHPHGLDWLRQ REMHFWLYH EXW ODWHU WKDQ WKH WUHDWPHQW ZLWK
%6* UHVXOWV RI &KDSWHU  %XW WKH & WKDW ZRXOG EH HPLWWHG ZLOO EH VORZHU DV
LQGLFDWHGLQWKHUHVSLURPHWU\UHVXOWVDQGWKLVYDOXHLVJIRUGD\V 
7KHYDOXHRI&2 IURPELRUHPHGLDWLRQZLWKRXW%6* LI NJ JRI
FRQWDPLQDQWVZHUH UHPHGLDWHGFDQEHFDOFXODWHG WREHNJ  
 ? ? ?
 
 ,QRUGHU WRFDOFXODWH WKH&2H WKHYDOXHRINJDUHFRQYHUWHG LQWRPHWULF










 ? ? ?
 
 
7KXV WKH GLVWDQFH IURP 6XQGHUODQG WR +DUWOHSRRO KDV EHHQ GHWHUPLQHG WR EH 
PLOHVRUNPWDEOH6LQFHWKHUHZDVWRQQHVRI%6*WREHGHOLYHUHG
XVLQJWRQQHORDGORUULHV,WZDVHVWLPDWHGWKDWLWZRXOGWDNHWULSVWRGHOLYHUWKH






Factors gCOe per 
vehicle KM 
 





















Total 12,070 9,263121.5 
 
Table 6.12: Loading vehicle factors for 0% and 100% which were applied 
to the kilometre travel to derive the emissions gCO2 for BSG as a result of 





Factors gCOe per 
vehicle KM 
 
























Table 6.13: Loading vehicle factors for CH4 and N2O at 0% and 100% 
which were applied to the kilometre travel to derive the emissions gCO2 for 
BSG as a result of the vehicle movement from Hartlepool to Sunderland. 
 ? ? ?
 
+RZHYHUWKHUHDUHGLIIHUHQWHPLVVLRQIDFWRUVIRUUXQQLQJDYHKLFOHHPSW\DQGIRUIXOO




WR WUDQVSRUW WKH%6*IURP+DUWOHSRRO WR6XQGHUODQGZRXOG EHJ&2H
NJ&2H6LPLODUO\WKHYDOXHVRIHPLVVLRQVIRU&+DQG12DUHFDOFXODWHG
E\ PXOWLSO\LQJ WKHLU UHVSHFWLYH HPLVVLRQ IDFWRUV WR WKH WRWDO GLVWDQFH FRYHUHG WR
GHOLYHUWKH%6*IURP+DUWOHSRROWR6XQGHUODQG)URP7DEOHWKHYDOXHIRU&+LV
 J  NJ DQG 12  J  NJ $V &2H DUH XVXDOO\
PHDVXUHG LQ PHWULF WRQQHV WKH GHULYHG YDOXH LV GLYLGHG E\  DQG WKH UHVXOWDQW












 OLWUHV IRU ELRUHPHGLDWLRQ ZLWK %6* DQG  OLWUHV IRU ELRUHPHGLDWLRQ ZLWKRXW
%6* 
 ? ? ?
 
$SSO\LQJWKHHPLVVLRQIDFWRUIRUDKHDY\WUDFWRURINJWDEOHWRWKHDPRXQW
RI UHG GLHVHO FRQVXPHG E\ WKH WUDFWRU GXULQJ WXUQLQJ DQG WLOOLQJ ZRXOG DPRXQW WR
 NJ&2 DQG  NJ&2H IRU ELRUHPHGLDWLRQ ZLWK %6* DQG
ELRUHPHGLDWLRQ ZLWKRXW %6* UHVSHFWLYHO\ 7R GHULYH WKH WRWDO &2H IURP
ELRUHPHGLDWLRQ ZLWK %6* ZRXOG EH WKH VXPPDWLRQ RI WKH &2 IURP FRPEXVWLRQ RI
IRVVLO IXHOE\IUHLJKW WUDQVSRUWDWLRQRIWKH%6*DQG&2IURPWXUQLQJWKHVRLOGXULQJ
ELRUHPHGLDWLRQZKLFKDPRXQWV WRNJ&2HNJNJ








































Table 6.14: Calculation of CO2e derived by multiplying emission factors by 
the amount of diesel consumed for bioremediation with BSG and 
bioremediation without BSG as a result of the use of excavator machine. 





ZKLFK LV WKH GLVWDQFH FRYHUHG IRU WUDQVSRUWLQJ %6* ZLWK WKHLU UHVSHFWLYH HPLVVLRQ
IDFWRUV7KHWRWDOGLVWDQFHWUDYHOOHGKDVEHHQGHWHUPLQHGWREHNPJLYHQWKH




)HZ VWXGLHV KDYH HYDOXDWHG WKH PDVV RI &2 UHOHDVHG GXULQJ QDWXUDO DWWHQXDWLRQ
+RZHYHURYHUWKHHVWLPDWHGILYH\HDUSHULRGIRUEUHDNGRZQWRRFFXULW LVOLNHO\WKDW
DOORIWKHK\GURFDUERQSUHVHQWZLOOEHEURNHGRZQDQGUHOHDVHGDV&2 










Nitrox oxide (NOx) 3.870 12,070 46,710.9 
Particulate Matter 
(PM10) 
0.072 12,070 869.04 
Particulate Matter 
(PM2.5) 
0.068 12,070 820.76 
Carbon Monoxide 
(CO) 
0.786 12,070 9,487.02 
Volatile organic 
compound (VOC) 
0.139 12,070 1,677.73 
Ammonia (NH3) 0.003 12,070 36.21 
Sulphur Dioxide (SO2) 0.003 12,070 36.21 
 
Table 6.15: showing calculation of NOx, PM10, PM2.5, CO, VOC, CO, NH3 
and SO2 emitted by vehicle movements through the delivery of brewery 
spent grain from Hartlepool to Sunderland. 
 ? ? ?
 
RFFXUV ZLWKRXW KXPDQ LQWHUYHQWLRQ DQG &2 UHOHDVH ZLOO EH VORZHU WKDQ ZKHQ WKH




\HDUVGXUDWLRQ WKHVDPHDPRXQWRI&2ZRXOGEHHPLWWHGEXW LQD VORZHUPDQQHU
DQG WKHDPRXQWJHQHUDWHGZDVH[SHFWHG WREHHTXLYDOHQW WRJRYHUD\HDU
SHULRG 
,QDGGLWLRQ WKH\HDUEDVHOLQHDGRSWHGWRDFKLHYHQDWXUDODWWHQXDWLRQ LQ WKHVWXG\
FRXOG EH UHJDUGHG DV D JRRG VLWXDWLRQ IRU GHILQLQJ DQG DVVHVVLQJ WKH EDVHOLQH
VFHQDULREHFDXVHWKHGDWDZDVREWDLQHGIURPDUHPHGLDWLRQFRPSDQ\SHUIRUPDQFH
UHSRUW SURMHFW PDQDJHU DQG YHQGRU 6LULXV  6LQFH WKH FRQWDPLQDQW
FRQFHQWUDWLRQZDVNJWKH&2WKDWZRXOGHYROYHIURPWKHQDWXUDODWWHQXDWLRQ
LVH[SHFWHGWREHHTXLYDOHQW WRWKHDPRXQWJHQHUDWHGZKHQELRUHPHGLDWLRQZLWKRXW
%6* ZDV DQ DOWHUQDWLYH7KLV LV EHFDXVH WKH SURFHVV IROORZV D VLPLODU SDWWHUQ DV
PLFURELDODFWLYLWLHVUHVXOWLQWKHGHJUDGDWLRQRIWKHRUJDQLFFRPSRXQGV 
7KHUHVXOWVRIWKHUHVSLURPHWU\VWXG\KDYHGHWHUPLQHGWKHYDOXHRI&2ZLWKRXWWKH
DGGLWLRQ RI %6* WR EH  J DQG WKH H[SHFWHG UHPHGLDWLRQ REMHFWLYH ZDV WR EH
DFKLHYHG LQ  PRQWKV$OVR WKH VDPH DPRXQW RI &2 ZRXOG EH HPLWWHG LI QDWXUDO
DWWHQXDWLRQZDVDGRSWHGDQGWKHUHPHGLDWLRQREMHFWLYHZDVH[SHFWHGWREHDFKLHYHG
LQ\HDUVJLYHQWKHNJRIFRQWDPLQDQWVWKHWRWDO&2ZRXOGEHNJ









 ? ? ?
 
DFURVV (XURSH 'HIUD 7KH SUHVHQFH RI ZDVWHV LQ ODQGILOOV ZLOO UHVXOW LQ WKH
GHFD\ RI WKH RUJDQLF PDWWHU DQG JHQHUDWLRQ RI &+ DQG &2 /DQGILOOV KDYH EHHQ
LGHQWLILHGDVVLJQLILFDQWDQWKURSRJHQLFVRXUFHVRIDWPRVSKHULF&+DQGDUHEHOLHYHG
WR DFFRXQW IRU -RI WKH WRWDO &+ HPLVVLRQV LQ WKH ZRUOG +RXGH HW DO 
:KHQR[\JHQLVXVHGXSEDFWHULDEHJLQWRSURGXFH&+7KHPRUHR[\JHQLVSUHVHQW














7KH HPLVVLRQ RI &2 IURP ODQGILOO LQ WKH VWXG\ UHSRUWHG KHUH ZRXOG EH FDOFXODWHG
IURP WKH GHJUDGDWLRQ RI WKH RUJDQLF FRPSRXQG ,W ZDV DVVXPHG LQ WKH VWXG\ WKDW
NJRIFRQWDPLQDQWZDVGHSRVLWHGLQWKHODQGILOO7KHNJRIFRQWDPLQDQW
ZRXOG EH XVHG DV D SUR[\ WR HYDOXDWH WKH DPRXQW RI &2 WKDW ZRXOG EH HYROYHG
ZKHQWKHFRQWDPLQDWHGVRLOZDVODQGILOOHG$OWKRXJK&2IURPELRGHJUDGDEOHZDVWH
GRHVQRWSRVHDULVNWRWKHHQYLURQPHQWKRZHYHULILWHPDQDWHVIURPK\GURFDUERQVLW
ZRXOG FRQWULEXWH WR JOREDO ZDUPLQJ DQG VKRXOG EH HVWLPDWHG ZKHQ UHSRUWLQJ
HPLVVLRQV,3&& 
7KHUHIRUH WKH  NJ RI FRQWDPLQDQWV GHSLFWHG LQ WKH FRQFHSWXDO VLWH PRGHO
ZRXOGEHDVVXPHGWRKDYHEHHQGLVSHUVHGWRWKHHQYLURQPHQWZKHQODQGILOOGLVSRVDO
ZDV D SRVVLEOH RSWLRQ %HFDXVH GHSRVLWLQJ WKH FRQWDPLQDWHG VRLO WR ODQGILOO ZLOO
UHTXLUHD ORQJHU WLPH IRU WKHZDVWH WREHGHJUDGHG LQ WKH ODQGILOO WKHYDOXHRI&2
DGRSWHGIRUQDWXUDODWWHQXDWLRQDQGELRUHPHGLDWLRQZLWKRXW%6*ZLOOEHXVHGDVWKH
 ? ? ?
 
VDPH DPRXQW RI FRQWDPLQDQWV WKDW ZRXOG KDYH EHHQ HPLWWHG 7KLV YDOXH LV
QHFHVVDU\EHFDXVHVRLOFRQWDPLQDWHGZLWKGLHVHOIXHO LVUHJDUGHGDVELRGHJUDGDEOH
ZDVWH DQG IDOOV XQGHU WKH FODVVLILFDWLRQ RI KD]DUGRXV ZDVWH 'HIUD  DQG LQ
ODQGILOOGHSRVLWHGZDVWHVDUHDOORZHGWRGHJUDGHRYHUWLPHDQGDUHFRQYHUWHGWR&2
DQG&+ 


















Factors gCO2e per 
vehicle KM 
 





CO2 at 0% load 
671.5  















Table 6.16: Calculation of gCO2e emissions derived by multiplying emission 
loading factors of CO2 to kilometres travelled during vehicle movement including 




























Total 120,700 92,631,215 
 
Table 6.17: Calculation of gCO2e emissions derived by multiplying emission 
loading factors of CO2 to kilometre travel during vehicle movement including 
empty and full load for re-filling the site with new topsoil from Hartlepool to 
Sunderland 
 
7KH FRQYHUVLRQ IDFWRU IRU UXQQLQJHPSW\ +HDY\ *RRGV 9HKLFOHV +*9V DQG D IXOO
ORDGZHUHSUHYLRXVO\FDOFXODWHGDVDQGUHVSHFWLYHO\WDEOH,WKDV
SUHYLRXVO\ EHHQ HVWLPDWHG LQ FKDSWHU  WKDW LW ZRXOG WDNH  WRQQHV RI VRLO WR EH
























VKRZV WKH WRWDO YDOXHV RI &+ DQG 12 FDOFXODWHG LQ J&2H SHU NP 7KH WRWDO
GLVWDQFH FRYHUHG IRU GLVSRVLQJ RI WKH VRLO KDV SUHYLRXVO\ EHHQ HVWLPDWHG WR EH
NPLQFOXGLQJHPSW\DQGIXOOORDGVDQGWKHHPLVVLRQVIDFWRUVRI&+DQG12
DUHWKHVDPHYDOXHVWDEOH 





Pollutants Factors gCO2e per 
vehicle KM 
Kilometre travel  Emissions gCO2e  
CH4 at 0%  and 
100% load 
0.36 120,700   43,452 
N2O at 0% and 
100% load 
7.75 120,700   935,425 
 
Table 6.18: Calculations of CH4 and N2O emissions by multiplying 
kilometre travel by emission loading factors including full and empty 
loading during disposing of the soil to landfill from Sunderland to 
Hartlepool. 
Pollutants Factors gCO2e per 
vehicle KM 
Kilometre travel  Emissions gCO2e 
CH4 at 0% and 
100% load 
0.36 120,700   43,452 
N2O at 0% and 
100% load 
7.75 120,700   935,425 
 
Table 6.19: Calculations of CH4 and N2O emissions by multiplying 
kilometre travel by emission loading factors including full and empty 
loading during re-filling of the soil from Hartlepool to Sunderland. 
 ? ? ?
 
WKHGHULYHGYDOXHLVGLYLGHGE\DQGWKH UHVXOWDQWYDOXHLVPXOWLSOLHGE\DQG












30&292&1+ DQG629HKLFOHPRYHPHQWV IRUGLVSRVLQJRI VRLO WR ODQGILOO
DQG UH-ILOO RI WKH VLWH ZHUH DOUHDG\ HVWLPDWHG WR EH  NP ZKLFK ZDV D
FRPELQDWLRQRIDGLVWDQFHRINPIRUGLVSRVDORIWKHVRLODQGNPIRU
UH-ILOOLQJRIWKHVLWHWDEOHDQG 
 ? ? ?
 
$SSO\LQJ WKHYDULRXVHPLVVLRQV IDFWRUV WR WKHGLVWDQFH WUDYHOOHGZRXOG UHVXOW LQ WKH










8VLQJ69( WUHDWPHQW IDFLOLW\ VXFKDV WKHUPDO WUHDWPHQW WHFKQRORJLHV FRXOGGHVWUR\






Vehicle Kilometre travel  Emissions g 
Nitrox oxide (NOx) 3.870 241,400 934,218 
Particulate Matter 
(PM10) 
0.072 241,400 17,380.8 
Particulate Matter 
(PM2.5) 
0.068 241,400 16,415.20 
Carbon Monoxide (CO) 0.786 241,400 189,740.40 
Volatile organic 
compound (VOC) 
0.139 241,400 33,554.60 
Ammonia (NH3) 0.003 241,400 724.20 
Sulphur Dioxide (SO2) 0.003 241,400 724.20 
 
Table 6.20: Calculation of NOx, PM10, PM2.5, CO, VOC, CO, NH3 and SO2 
emitted by vehicle movement through disposing and re-filling of the soil 
from Hartlepool to Sunderland and values are derived by multiplying the 
kilometre travel by various emission factors. 
 ? ? ?
 
VWXG\ UHSRUWHG KHUH ZLOO XVH WKLV V\VWHP WR R[LGL]H WKH  NJ RI FRQWDPLQDQWV
DQGWKHDGGLWLRQRIFDWDO\VWZLOODFFHOHUDWHWKHUDWHRIR[LGDWLRQE\DGVRUELQJR[\JHQ












RI WKHFRQWDPLQDQWVDQGWKH\ZRXOGHYHQWXDOO\GLVSHUVH WR WKHDWPRVSKHUHDV &2
DQG ZDWHU 7KH E\-SURGXFW RI WKLV GHVWUXFWLRQ LV UHIHUUHG WR DV WKH SURGXFW RI
FRPSOHWH FRPEXVWLRQ LI WKH\ DUH FRPEXVWHG ZLWK VXIILFLHQW R[\JHQ DQG WKHVH








FDVH VWXG\ LQ FKDSWHU  RI D W\SLFDO RII-JDV WUHDWPHQW XVLQJ 69( IRXQG WKDW 
SRXQGVNJFRQWDPLQDWLRQH[WUDFWLRQUDWHZDVDFKLHYHGSHUGD\DQGGXULQJWKH
\HDU RI RSHUDWLRQ WKH R[LGL]HU GHVWUR\HG  SRXQGV  NJ RI JDVROLQH
YDSRXUV$GUDIWE\86(3$E\WKHRIILFHRI6XSHUIXQGUHPHGLDWLRQDQGWHFKQRORJ\
 ? ? ?
 
LQQRYDWLRQ HVWLPDWHG HOHFWULFLW\ FRQVXPSWLRQ DQG &2 HPLVVLRQ IRU W\SLFDO 69(















6LQFH  NJ RI FRQWDPLQDQWV ZLOO EH GHVWUR\HG LQ D  \HDU SHULRG IRU WKH
UHPHGLDWLRQ REMHFWLYH WR EH PHW LW ZRXOG UHTXLUH WKH VDPH DPRXQW RI HQHUJ\ RI
 N:K VSHFLILHG DERYH WR GHVWUR\ DOO WKH FRQWDPLQDQWV %XW WKH XVH RI WKLV
IDFLOLW\ ZLOO JHQHUDWH &2 GXH WR HOHFWULFLW\ FRQVXPSWLRQ DQG &2 HPLWWHGN:K
JHQHUDWHGLV,EVRUNJWDEOH&RQYHUWLEO\WKH69(WUHDWPHQWGXULQJ
WKH  \HDUV RI RSHUDWLRQ ZLOO JHQHUDWH D WRWDO &2 RI  NJ  








 ? ? ?
 
HQKDQFH UHFRYHULHV RI YRODWLOH RUJDQLF FRPSRXQGV 7KH LQ VLWX WKHUPDO GHVRUSWLRQ
PHWKRGKDGEHHQGHVLJQHGDQGLPSOHPHQWHGDQGFRQVLVWHQWO\SURGXFHGPRUHWKDQ
 PDVV UHPRYDO LQ FOD\ VRLO %DNHU HW DO  7KH WHFKQLTXH LQ WKH SUHVHQW
VWXG\LQYROYHVWKHVLPXOWDQHRXVDSSOLFDWLRQRIKHDWE\WKHUPDOFRQGXFWLRQDQG69(
WR UHPRYH WKH GLHVHO IURP WKH VRLO7KH SURFHVVHV LQYROYH XVLQJ UHFRYHU\ ZHOOV WR
FDSWXUH ERWK OLTXLGV DQG JDVHV DQG WUDQVSRUW WKHP WR WKH VXEVXUIDFH IDFLOLW\ IRU
WUHDWPHQW7KXVYDULRXV UHVLGXDOVDUHXVXDOO\JHQHUDWHG IURPWKH WKHUPDOSURFHVV
6RPH RI WKHVH DUH KD]DUGRXV RWKHUV DUH QRQ-KD]DUGRXV EXW GLHVHO IXHOV DUH
FHUWDLQO\KD]DUGRXVDQGZRXOGEHFRQGHQVHGWRDOLTXLGIRUPRUWUHDWHGDVRII-JDV 
,Q WKH FDVH VWXG\ UHYLHZHG LQ FKDSWHU  WKH HQHUJ\ FRQVXPSWLRQ GXULQJ LQ VLWX
WKHUPDOGHVRUSWLRQZKHQPRIVRLOYROXPHIRUPRQWKVZDVWUHDWHGZDV
N:KP7KLVFRUUHVSRQGVWRN:KRIHOHFWULFLW\XVHIRUPZKHQDOO
WKH FRPSRQHQWV WKDW XVHG HOHFWULFLW\ ZHUH LQFOXGHG $FFRUGLQJ WR WKH UHYLHZ
FRQGXFWHGE\WKH86(3$EZKHUHDOOWKHFRPSRQHQWVWKDWXVHHOHFWULFLW\RU
HQHUJ\ ZHUH UHYLHZHG DQG DQDO\VHG DW 6XSHUIXQG FOHDQ-XS VLWHV XVLQJ ILYH
UHPHGLDWLRQWHFKQRORJLHVLQFOXGLQJWKHUPDOGHVRUSWLRQWRWUHDWFRQWDPLQDWHGPDWHULDO





 PRQWKV &RQYHUWHG WR WKH DFWXDO VRLO YROXPH RI   P LQ WKH VWXG\ KHUH LQ
RUGHU WR DFKLHYH XS WR  FOHDQ-XS OHYHO IRU  PRQWKV XVLQJ WKH VDPH LQ VLWX
WKHUPDOGHVRUSWLRQIDFLOLW\ZRXOGUHTXLUHSUHGLFWHGHQHUJ\RIN:KRI
N:K P     7KH FRQWDPLQDQW ZRXOG EH FDSWXUHG DQG GHVWUR\HG LQ DQ
DIWHUEXUQHU ZKLFK LV D VXUIDFH IDFLOLW\ WR WUHDW RII-JDV PDWHULDOV  7KH DPRXQW RI
FRQWDPLQDQWV WR EH WUHDWHG ZDV SUHYLRXVO\ HVWLPDWHG WR EH  NJ RI RUJDQLF
FRPSRXQGV %XW &2 HPLWWHG SHU N:K RI HOHFWULFLW\ ZDV HVWLPDWHG WR EH  ,EV
 NJ DV LQGLFDWHG LQ WDEOH  7KHQ WKH WKHUPDO GHVRUSWLRQ IDFLOLW\ LQ WKH
VWXG\ LV H[SHFWHG WR RSHUDWH IRU VL[ PRQWKV DQG ZLOO JHQHUDWH D WRWDO &2 RI
NJ [NJ ,QRUGHU WR FDOFXODWH WKH&2H WKHYDOXHRI
NJDUHFRQYHUWHGLQWRPHWULFWRQQHVDQGWKHUHVXOWDQWYDOXHLVPXOWLSOLHG
E\ZKLFKLVWKHVWDQGDUGRIJOREDOZDUPLQJSRWHQWLDOWDEOH7KHFDOFXODWLRQ













RU XQGHUJURXQG ZDWHU ,Q WKH VWXG\ KHUH WKH K\GURFDUERQ FRQWDPLQDWLRQ GRHV QRW
DIIHFW XQGHUJURXQG ZDWHU RU VXUIDFH ZDWHU DV VKRZQ LQ WKH K\SRWKHWLFDO VLWH
+RZHYHU WKHDGRSWLRQRIDQ\ UHPHGLDWLRQPHWKRGFRXOG UHVXOW LQ FRQWDPLQDWLRQRI
XQGHUJURXQGZDWHURUVXUIDFHZDWHU 
2YHU WKH \HDUV PDQ\ PHWKRGV IRU GHDOLQJ ZLWK FRQWDPLQDWHG VRLO KDYH EHHQ
GHYHORSHG ,QFUHDVLQJO\ UHJXODWRUV DQG UHPHGLDWLRQ SUDFWLWLRQHUV DUH QRZ
FRQVLGHULQJWKHDVVHVVPHQWRIWKHULVNWKDWPD\IROORZGLIIHUHQWUHPHGLDWLRQPHWKRGV
($7KHUHIRUH LW LVDOZD\V LPSRUWDQW WRFRQVLGHUQRWRQO\ WKHULVNSRVHGE\
DQH[LVWLQJVLWXDWLRQEXWDOVRWKHHPHUJLQJULVNWKDWPLJKWDULVHIURPWKHDFWLRQRID
JLYHQUHPHGLDWLRQWHFKQLTXH($7DEOHDQGGHVFULEHVWKHSRWHQWLDO

















1DWXUDODWWHQXDWLRQ 7KH FKRLFH RI DOORZLQJ WKH VRLO WR UHPHGLDWH LWVHOI XVLQJ LQGLJHQRXV
PLFURRUJDQLVPV FRXOG SRVH D SRWHQWLDO ULVN ERWK QRZ DQG LQ WKH IXWXUH WR
VXUURXQGLQJ ZDWHUFRXUVHV $OWKRXJK WKHUH LV QR FXUUHQW PLJUDWLRQ RI
FRQWDPLQDQWV WR XQGHUJURXQG ZDWHU RU VXUIDFH ZDWHU WKH SRVVLEOH ULVN LV
KLJKVKRXOGWKHK\GURFDUERQFRQWDPLQDWLRQEHOHIWRQVLWH7KLVLVEHFDXVHLI





7KH ODQGILOO PHWKRG PHDQV WKH FRQWDPLQDWHG VRLOV DUH H[FDYDWHG DQG
GLVSRVHG LQ ODQGILOO DQG WKHVH HOLPLQDWH ULVN RI XQGHUJURXQG DQG VXUIDFH







GLIIXVH VORZO\ IURP OHVV SHUPHDEOH VRLOV DQG LQWHUDFW ZLWK VRLO JDV DQG
JURXQGZDWHU 86 (3$   $OVR WKHUH LV WKH SRWHQWLDO ULVN RI WKH
FRQWDPLQDQWV OHDFKLQJ WR XQGHUJURXQG ZDWHU GXULQJ WKH H[WUDFWLRQ
SURFHVV86$)(53 
 
7KHUPDOGHVRUSWLRQLQ-VLWX 'XULQJ WKHUPDO GHVRUSWLRQ FRQWDPLQDQWV FRXOG PLJUDWH WR XQGHUJURXQG

























7KH SURFHVV FRXOG LPSDFW RQ DQ\ IDFLOLW\ RU ODQG GXH WR WKH SRVVLELOLW\ RI
OHDFKLQJ +RZHYHU WKH WHFKQLTXH LV QRQ- LQWUXVLYH ZLWK OLPLWHG KXPDQ












7KHSURFHVVFRXOGEHYXOQHUDEOH WRDKLJK ULVN WR WKHQHDUE\VWUXFWXUHDQG
XQGHUJURXQGXWLOLWLHV IURPWKHKLJK OHYHORI WKHYRODWLOHFRPSRXQGV GLHVHO
7KHUH FRXOG EH DOVR H[SORVLYH ULVN LQ QHDUE\ VWUXFWXUH DQG XQGHUJURXQG





7KHUH LV W\SLFDO FRQFHUQ DERXW JHRWHFKQLFDO VWDELOLW\ DQG GDPDJH WR
IRXQGDWLRQVEXLOGLQJRUXQGHUJURXQGXWLOLWLHV+RZHYHUFRQWUROPHDVXUHVDUH






7KH DGRSWLRQ RI D ELRUHPHGLDWLRQ WHFKQLTXH FRXOG UHVXOW LQ OHDFKDWH SHUFRODWLQJ
WKURXJK WKH VRLO DQG SRVVLEO\ HQWHULQJ LQWR WKH QHDUE\ ZDWHU FRXUVH DV D UHVXOW RI
XQFRQWUROOHGGLVFKDUJHRIVXVSHQGHGVHGLPHQWDV LQGLFDWHGLQWKHK\SRWKHWLFDOVLWH
7KH OHDFKLQJ PD\ FRQWDLQ WKH RUJDQLF ZDVWH IURP WKH %6* DQG WKH K\GURFDUERQV
IURP WKH VRLO DQG ZDWHU UXQQLQJ RII WKH FRPSDFWHG VRLO PD\ FRQWULEXWH WR GLIIXVH
 ? ? ?
 
SROOXWLRQDV LQGLFDWHG LQ WDEOH7KLVDVVHVVPHQW LV LQDFFRUGDQFHZLWK 6X5)
JXLGHOLQHVZKLFK LQGLFDWH WKDW UHPHGLDWLRQ LPSDFWVRQZDWHUPD\ UHVXOW IURP
WKH UHOHDVHRIFRQWDPLQDQWVVXFKDVQXWULHQWVDQGGLVVROYHGRUJDQLFFDUERQZKLFK
ZLOOLPSDFWRQWKHTXDOLW\RIZDWHU 
,Q DGGLWLRQ WKH EHQHILWV RI ELRUHPHGLDWLRQ LQFOXGH VDIH RSHUDWLRQV IDFLOLWDWHG
PDWHULDOV EDODQFHDQG SURFHVV FRQWUROODELOLW\ 86 (3$ E ,Q WKH VWXG\ KHUH




LQSODFH WRFROOHFW OHDFKDWHIURPWKHVRLO LQ WKHIRUPRI WUHQFKHVH[FDYDWHGDURXQG






WR DFW RQ WKH FRQWDPLQDQWV 6LPDUUR HW DO 7KH WHFKQLTXH DOVR UHOLHV RQ
LQGLJHQRXV PLFURRUJDQLVPV WR GHJUDGH WKH FRQWDPLQDQWV 6XQL DQG 5RPDQWVFKXN
 7KH SURFHVV VHHPV VORZ DQG XQFRQWUROODEOH DV WKHUH LV OLPLWHG KXPDQ
LQWHUIHUHQFHV7KHUHZRXOGEHQRGDPDJHWRWKHODQGRUDTXLIHUDVDUHVXOWRIXVHRI
WKH WHFKQLTXHDV LWGRHVQRW LQYROYH WKHXVHRIKHDY\PDFKLQHU\RUFKHPLFDOV WKDW
PD\OHDGWRDGGLWLRQDOEXUGHQVRQWKHVRLO 
+RZHYHU FOLPDWH VFHQDULRV LQ WKH 8. VXFK DV ZHWWHU ZLQWHUV KRWWHU DQG GULHU
VXPPHUVULVLQJDLUWHPSHUDWXUHLQFUHDVHGVWRUPLQHVVDQGKHDYLHUUDLQIDOO+XOPHHW
DOFRXOGKDYHLPSDFWVRQWHFKQLTXHVXFKDVQDWXUDODWWHQXDWLRQ7KXVVHYHUH
ZHDWKHU FRQGLWLRQV PD\ KDYH GDPDJLQJ HIIHFWV RQ VRLOV ZLWK SRWHQWLDO LPSDFWV IRU
DQ\ JURXQG FRQWDPLQDWLRQ HVSHFLDOO\ VKDOORZ XQWUHDWHG FRQWDPLQDWHG VLWHV DV
GHSLFWHG LQ WKLV VWXG\ LQ WKDW GXULQJ ZLQWHU WKHUH PD\ EH D VHDVRQDO ULVH LQ
JURXQGZDWHU OHYHOV ZKLFK FDQ EULQJ FOHDQ JURXQGZDWHU LQ FRQWDFW ZLWK WKH GLHVHO
FRQWDPLQDQWV0RUHVRKLJKHULQWHQVLW\UDLQIDOOZLOOFKDOOHQJHVRLOLQILOWUDWLRQFDSDFLW\
DQGGRXEOHWKHULVNRIVRLOHURVLRQDQGVSUHDGRIWKHGLHVHORLOEH\RQGWKHH[SHFWHG
 ? ? ?
 
DUHD 
7KHUHIRUH WKHUHPHGLDWLRQPHWKRGRIQDWXUDODWWHQXDWLRQ LQ WKHVWXG\PD\UHVXOW LQ
ZDWHUDQGODQGSROOXWLRQDOWKRXJKWKHK\SRWKHWLFDOVLWHVKRZVWKDWWKHFRQWDPLQDWLRQ
GRHVQRWDIIHFWWKHVDWXUDWHG]RQHDQGWKHVXUIDFHZDWHUFRXUVH+RZHYHUVLQFHWKH
QDWXUDO DWWHQXDWLRQ ZLOO WDNH D PLQLPXP RI  \HDUV WR DFKLHYH EDVHG RQ WKH
UHPHGLDWLRQVFKHGXOH LQWKLVVWXG\WKHUH LVDQLQFUHDVLQJULVNRIFRQWDPLQDWLRQIURP





WKH VLWH DV WKH VRLO ZRXOG EH H[FDYDWHG DQG GLVSRVHG LQ D ODQGILOO DQG FOHDQ VRLO
ZRXOGEHXVHGWRUHSODFHLW7KHSURFHVVLQYROYHVWKHFRQWDPLQDQWVEHLQJWUDQVIHUUHG
WRDGLIIHUHQW ORFDWLRQ7KHYROXPHRIFRQWDPLQDWHGVRLODW WKHVLWH LQ6XQGHUODQG LV
WRQQHVDQGDWRWDORIYHKLFOHVZLOOUHTXLUHWULSVWRGLVSRVHRIWKHVRLO
,QDGGLWLRQWRSVRLOZDVXVHGWRILOOWKHDUHDVRIWKHVLWHZKHUHWKHFRQWDPLQDWHGVRLO
KDV EHHQ UHPRYHG 7KH GLJ DQG GXPS PHWKRG GRHV QRW KDYH DQ\ LPSDFW RQ WKH
ZDWHU RU VXUURXQGLQJ EXLOGLQJV EXW PD\ LQFUHDVH WKH ULVN WR KXPDQ KHDOWK DQG
HQYLURQPHQWWKURXJKWUDIILFDFFLGHQWVDQGH[SRVXUHWRGXVW($ 
6RLOYDSRXUH[WUDFWLRQ69(HIIHFWRQODQGDQGZDWHUSROOXWLRQ 
7KHUHPHGLDWLRQ WHFKQLTXHRI69(FRQVLGHUHG LQ WKHVWXG\KHUHZRXOG UHPRYH WKH








EXW FRQWURO SURFHVVHV DUH XVXDOO\ SXW LQ SODFH WR PLWLJDWH DJDLQVW VXFK DQ
RFFXUUHQFH 0RUH VR YDSRXU WUHDWPHQW IDFLOLW\ LV XVXDOO\ GHVLJQHG WR PHHW DLU
 ? ? ?
 




LQFOXGLQJVROLGVZDWHU FRQGHQVDWHDQGRLO FRQGHQVDWH HDFKRIZKLFKPD\ UHTXLUH
DQDO\VLV WR GHWHUPLQH WKH EHVW GLVSRVDOUHF\FOH RSWLRQV 'XULQJ WKH WKHUPDO
GHVRUSWLRQ SURFHVV WKHUH PD\ EH WKH SRVVLELOLW\ RI DQ H[SORVLYH ULVN WR QHDUE\
VWUXFWXUHV DQG XQGHUJURXQG XWLOLWLHV IURP KLJK OHYHOV RI YRODWLOH RUJDQLFV 7KLV LV
EHFDXVH WKH WHFKQLTXH ZRXOG XVH D QRQ-R[LGL]LQJ SURFHVV WR YDSRUL]H WKH
K\GURFDUERQ WKURXJK WKHDSSOLFDWLRQRIKHDWDQGDVD UHVXOW RIGULOOLQJ WKHHDUWK ,W
PD\ LPSDFW WKH QHDUE\ VWUXFWXUH ZLWK D ULVN RI KLJK OHYHO H[SORVLRQV GXH WR WKH
YRODWLOHQDWXUHRIWKHFRQWDPLQDQWV%XWWKHVHKDYHQRWEHHQDVLJQLILFDQWEDUULHUWR





LQ WKH VRLO DQG HYHQ VRLO WKDW GRHV QRW KDYH SHWUROHXP FRQWDPLQDQWV LQ WKH
VXUURXQGLQJWUHDWPHQW]RQHPD\ORVHZHLJKWVLJQLILFDQWO\DVWHPSHUDWXUHULVHV7KXV




GLIIXVHVORZO\ IURP OHVVSHUPHDEOHVRLODQG LQWHUDFWZLWKVRLOJDVDQGJURXQGZDWHU





DVVRFLDWHG ZLWK GLIIHUHQW UHPHGLDWLRQ WHFKQLTXHV )RU H[DPSOH ELRUHPHGLDWLRQ KDV
EHHQDVVRFLDWHGZLWKOHDFKDWHIURPGHFRPSRVLQJRUJDQLFPDWWHUSHUFRODWLQJLQWRWKH
 ? ? ?
 
VRLO DQGSRVVLEO\ LQWRQHDUE\ZDWHUFRXUVHVDQG WKHSRWHQWLDO UHOHDVHRIDQ\PLFUR-
RUJDQLVPVLQWRWKHZLGHUHQYLURQPHQW.RPLOLVDQG+DP 
,QDGGLWLRQELRUHPHGLDWLRQ WHFKQLTXHV LQYROYH WKHXVHRIKHDY\PDFKLQHU\VXFKDV





LWVHOI LQFOXGHV LPSDFWV RQ UHVRXUFH FRQVXPSWLRQ HQHUJ\ XVDJH WUDQVSRUWDWLRQ
HPLVVLRQV DQG WR[LFLW\ (OOLV DQG +DUGOH\  +HQFH LQ WKH SUHVHQW VWXG\ LW LV
LPSRUWDQW WR HVWDEOLVK WKH PDJQLWXGH RI HPLVVLRQV IURP WKH UDQJH RI UHPHGLDWLRQ








ZDWHU GXULQJ UHPHGLDWLRQ ,W LV HPLVVLRQV WKDW UHVXOW IURP WKH FRQWDPLQDQW GLHVHO
GLUHFWO\GXULQJUHPHGLDWLRQ:KLOVWWKHDFWLYLWLHVHPLVVLRQVDUHDVDUHVXOWRIWKHXVH
RI HQHUJ\ RU HOHFWULFLW\ GXULQJ WKH SHULRG RI UHPHGLDWLRQ WKHVH LQFOXGH WKH XVH RI
KHDY\ JRRGV YHKLFOHV RU KHDY\ PDFKLQHU\ GXULQJ UHPHGLDWLRQ 7KH DFWLYLWLHV
HPLVVLRQV ZHUH DV D UHVXOW RI UHPHGLDWLRQ DFWLYLWLHV DQG QRW IURP WKH GLHVHO
FRQWDPLQDQWVLQWKHVRLO7KHVHWZRFODVVLILFDWLRQVDUHGLVFXVVHGEHORZ 
3URFHVVHPLVVLRQVIURPELRUHPHGLDWLRQWHFKQLTXH 
6RLO UHVSLUDWLRQ LV DQ LQIOXHQWLDO FRPSRQHQW RI WKH ELRVSKHUH¶V FDUERQ F\FOH DV LW
PDNHVXSDERXWWKUHH-TXDUWHUVRIWRWDOHFRV\VWHPUHVSLUDWLRQ/DZHWDO6RLO
UHVSLUDWLRQLVDPDMRUDVSHFWRIVRLO-TXDOLW\DQGDQLQGLFDWRURIVRLOIHUWLOLW\6WDEHQHW
DO%XW WKHUHOHDVHRI&2IURPWKHVRLOKDVEHHQLQWKHIURQW OLQHRI LQWHQVH
VWXGLHVLQUHFHQW\HDUVGXHWRLWVFRQWURYHUVLDODVSHFWRQJOREDOZDUPLQJSRWHQWLDOV









FRQFHQWUDWHG 1D2+ VROXWLRQ WKH ELRUHPHGLDWLRQ SURFHVV \LHOGHG D PXFK JUHDWHU
UHVSLUDWLRQUDWHDQGUHVXOWHGLQDUHGXFWLRQRIRIRLOLQWKHVRLOLQGD\V 
,Q WKH VWXG\ KHUH WKH UHVSLURPHWU\ H[SHULPHQW ZDV FDUULHG RXW WR GHWHUPLQH WKH
YROXPHRI&2HYROYHGLQWKHSUHVHQFHDQGDEVHQFHRI%6*7KLVLQIRUPDWLRQZDV
WKHQXVHGWRUHYLHZWKHHQYLURQPHQWDOFRVWVDVVRFLDWHGZLWKWKHSURFHVV,WKDVEHHQ
DVVHUWHG E\ 5HGG\ DQG $GDPV  WKDW PHDVXULQJ HQYLURQPHQWDO LPSDFWV RI
UHPHGLDWLRQ VKRXOG LQFOXGH PHWULFV VXFK DV &2 HPLVVLRQ SHU XQLW RI WUHDWHG VRLO
WRQQHNJHQHUJ\SHUXQLWWUHDWHGPDVVN:KNJDLUSROOXWLRQNJRUWRQQHVZDVWH
JHQHUDWLRQ NJWRQQHV DQG ZDWHU FRQVXPSWLRQV P RU JDOORQV  ,Q WHUPV RI WKH







WKHELRUHPHGLDWLRQSURFHVVEXW LWFRXOG UHVXOW LQDJUHDWHUHQYLURQPHQWDO LPSDFW LQ
WHUPVRIWKHUHOHDVHRIJUHHQKRXVHJDVHPLVVLRQV 
7KHDGRSWLRQRI WKHUHVSLURPHWU\ WHFKQLTXHGHVFULEHGKHUHFRXOGEHRQHPHDQVRI
DVFULELQJ D YDOXH WR HQYLURQPHQWDO LPSDFWV LQ WHUPV RI WKH UHOHDVH RI &2 7KH
TXDQWLWDWLYH PHDVXUHPHQW RI &2 FDQ WKHQ EH DGGHG WR WKH VRFLDO DQG HFRQRPLF
FRVWVWRGHWHUPLQHKRZVXVWDLQDEOHDUHPHGLDWLRQRSWLRQFRXOGEH685)-7KH
YDOXH RI SURFHVV HPLVVLRQV IURP ELRUHPHGLDWLRQ ZLWK DQG ZLWKRXW %6* KDV EHHQ
HVWLPDWHGWREH7&2HDQG7&2HUHVSHFWLYHO\7DEOH 






QHHG WRXVHPRUHSROOXWLQJHQHUJ\ IURPFRDODQGRLOZKHQ ODQGILOOJDV LVSURGXFHG
:KLOVW &2 IURP QDWXUDO DWWHQXDWLRQ KDV EHHQ SUHYLRXVO\ FDOFXODWHG IURP WKH
DQDHURELFGHFRPSRVLWLRQRIWKHRUJDQLFZDVWHWREH7&2H7DEOH 
3URFHVVHPLVVLRQVIURP69(DQGWKHUPDOGHVRUSWLRQ 
,Q WKH SDVW WKHUPDO FKHPLFDO DQG SK\VLFDO WUHDWPHQW PHWKRGV KDYH IDLOHG WR
HOLPLQDWHWKHSROOXWLRQSUREOHPEHFDXVHWKHVHWHFKQLTXHVRQO\WUDQVIHUWKHSROOXWLRQ




7KXVYDULRXV UHVLGXDOVDUHXVXDOO\JHQHUDWHG IURP WKHSURFHVVDQG LQ WKHVWXG\ LW
ZRXOGEHKD]DUGRXVEHFDXVHGLHVHO IXHOVDUHFHUWDLQO\KD]DUGRXVZKLFKZRXOGEH
FRQGHQVHG WR OLTXLG DQG WUHDWHG DVRII-JDV7KH LQ VLWX WKHUPDO GHVRUSWLRQPHWKRG
KDG EHHQ GHVLJQHG DQG LPSOHPHQWHG DQG FRQVLVWHQWO\ SURGXFHG PRUH WKDQ 
PDVVUHPRYDOLQFOD\VRLO%DNHUHWDO 
7KHUHIRUHWKHWKHUPDOR[LGDWLRQWUHDWPHQWZRXOGUHVXOWLQPRUHWKDQGHVWUXFWLRQ
RI WKHFRQWDPLQDQWVDQGWKH\ZRXOGHYHQWXDOO\GLVSHUVH WR WKHDWPRVSKHUHDV &2
DQG ZDWHU 7KH E\-SURGXFW RI WKLV GHVWUXFWLRQ LV UHIHUUHG WR DV WKH SURGXFW RI
FRPSOHWH FRPEXVWLRQ LI WKH\ DUH FRPEXVWHG ZLWK VXIILFLHQW R[\JHQ DQG WKHVH
FRPSRXQGV DUH LQQRFXRXV DQG FDQ EH GLVFKDUJHG GLUHFWO\ WR WKH DWPRVSKHUH
86(3$  8VLQJ WKLV WHFKQRORJ\ LW LV DVVXPHG WKDW DOO WKH &2 ZLOO EH
FDSWXUHGDQGEURXJKWWRWKHVXUIDFHIDFLOLW\DVYDSRXUJDVHVDQGXVHVUHFRYHU\ZHOOV
WRFDSWXUHERWKOLTXLGDQGJDVHV 
7KH WUHDWHGYDSRXUVWUHDPZRXOGFRQWDLQXQGHVLUDEOHE\-SURGXFWVEXW WKH\DUH WKH
SURGXFWVRI LQFRPSOHWHFRPEXVWLRQ86(3$7KXVVXIILFLHQWKHDWLQJRI WKH
YRODWLOH RUJDQLF FRPSRXQG LQ WKH RII-JDV IDFLOLW\ LQ WKH SUHVHQFH RI R[\JHQ ZLOO
FRQYHUW WKH 92&V WR D KDUPOHVV HQG SURGXFW $,&(  DQG 6XWKHUVDQ 




7KHUPDO R[LGDWLRQ HTXLSPHQW LV FXUUHQWO\ XVHG IRU GHVWUR\LQJ FRQWDPLQDQWV LQ WKH
H[KDXVWJDVIURPDLUVWULSSHUVDQG69(V\VWHPV)57592&VDUHWKHUPDOO\
GHVWUR\HGDWWHPSHUDWXUHVUDQJLQJIURPWR&XVLQJDVROLGFDWDO\VW,QLWLDOO\






92&V DV GHVFULEHG LQ 1)(6(  ZKHUH FRQWDPLQDQWV DUH YDSRUL]HG LQ WKH
WUHDWPHQWFKDPEHUDQGVZHSWDZD\E\ WKHDLUVWUHDPDQGDV WKH\SDVV WKURXJKD
EXUQ FKDPEHU WKH\ EHFRPH SDUW RI WKH FRPEXVWLRQ SURFHVV DQG WKH FRQWDPLQDQWV




0RUH VR 69( LQ WKH VWXG\ KHUH ZRXOG DGRSW D VLPLODU WHFKQRORJ\ RI FDWDO\WLF RU
WKHUPDOR[LGDWLRQWRWUHDWWKHDLUVWUHDPODGHQZLWKYRODWLOHFRPSRXQGV92&V+HDW
UHFRYHU\HTXLSPHQWZRXOGEH LQVWDOOHGZLWKD WKHUPDOR[LGDWLRQV\VWHPWRSUH-KHDW
WKH 92&-ODGHQ DLU VWUHDP DV GHVFULEHG LQ 6XWKHUVDQ  3UH-KHDWLQJ WKH
LQFRPLQJ VWUHDP UHGXFHV WKH DPRXQW RI IXHO WKDW LV QHHGHG WR PDLQWDLQ WKH
FRPEXVWLRQ WHPSHUDWXUH DV WKH 92&V ZRXOG EH XVHG DV VXSSOHPHQWDU\ IXHO
$OWKRXJK ORZ FRQFHQWUDWLRQ 92&V VWUHDPV PD\ QRW KDYH WKH R[LGDWLRQ HQHUJ\
UHTXLUHGWRPDLQWDLQWKHFRPEXVWLRQWHPSHUDWXUHVWKHUHLVDQHHGIRURWKHUVRXUFHRI
HQHUJ\,QWKHFDVHVWXG\VLWHWKHNJRIGLHVHOFRQWDPLQDQWVLQWKHVRLOZRXOG
EH FRPEXVWHG DQG XVHG DV D VXSSOHPHQWDO IXHO LQ DGGLWLRQ WR RWKHU VRXUFHV RI
HQHUJ\WRSURYLGHHQHUJ\IRUWKH69(IDFLOLW\$OWKRXJKWKHUHPD\EHDQHOHPHQWRI
SURFHVV HPLVVLRQ 92&¶V DVVRFLDWHG ZLWK WKHUPDO GHVRUSWLRQ DQG 69( V\VWHP
7KHVHHPLVVLRQVZHUHFRQVLGHUHGDVPLQLPDOLQWKHVWXG\EHFDXVHWKHIDFLOLW\XVHG
WR WUHDW WKH FDSWXUHG JDVHV RU OLTXLG DV WKH 92& ODGHQ DLU ZDV FDSWXUHG E\ D
 ? ? ?
 
YHQWLODWLRQ V\VWHP SUH-KHDWHG WKRURXJKO\ PL[HG DQG FRPEXVWHG DW KLJK
WHPSHUDWXUH 
,QWKHVWXG\HPLVVLRQVUHVXOWLQJIURP92&¶VZHUHQRWHYDOXDWHGIRU69(DQGWKHUPDO
GHVRUSWLRQ UDWKHU WKH\ ZHUH FRQVLGHUHG DV HPLVVLRQV UHVXOWLQJ IURP WKH XVH RI
HQHUJ\ ZKLFK ZHUH JURXSHG DV SDUW RI WKH DFWLYLWLHV HPLVVLRQV  7KXV SURFHVV




 $FWLYLWLHV HPLVVLRQV IURP WUDQVSRUWDWLRQ XVH RI HQHUJ\ DQG RWKHU
UHPHGLDWLRQDFWLYLWLHV 
%LRUHPHGLDWLRQZLWK%6*DQGRWKHUUHPHGLDWLRQRSWLRQVLQWKHVWXG\KDYHHPLVVLRQV






PHWKRGV WR EH FRPSDUHG XVLQJ WKHLU *:3 7KH UHVXOWV VHFWLRQ RI 7DEOH  KDV
DOUHDG\ FRQYHUWHG WKH WKUHH JDVHV LQWR &2H IRU WKH GLIIHUHQW UHPHGLDWLRQ RSWLRQV
LQFOXGLQJELRUHPHGLDWLRQZLWK%6*)LJXUHEHORZVKRZV WKHFRPSDULVRQRI WKH
&2H RI ELRUHPHGLDWLRQ ZLWK DQG ZLWKRXW %6* WR RWKHU UHPHGLDWLRQ RSWLRQV
FRQVLGHUHG LQ WKH VWXG\ VXFK DV ODQGILOO QDWXUDO DWWHQXDWLRQ 69( DQG WKHUPDO
GHVRUSWLRQ 
 




IRU WKH GLIIHUHQW UHPHGLDWLRQ RSWLRQV FRQVLGHU LQ WKH VWXG\ ZLWK HVWLPDWLRQ RI WKHLU
&2H 
)URP )LJ  ELRUHPHGLDWLRQ ZLWK %6* ZDV VOLJKWO\ KLJKHU WKDQ ELRUHPHGLDWLRQ
ZLWKRXW %6* DQG QDWXUDO DWWHQXDWLRQ EHFDXVH RI WKH PRYHPHQW RI KHDY\ JRRGV
YHKLFOHVXVHGWRWUDQVSRUWWKH%6*IURP+DUWOHSRROWR6XQGHUODQG/DQGILOOGLVSRVDO






VWXG\ WKHUPDOGHVRUSWLRQ LQHDFK LQVWDQFHKDG ORZHURYHUDOOHQYLURQPHQWDO LPSDFWV
DQGFRVWV7KHUHDVRQVIRUWKHORZHUHQYLURQPHQWDOLPSDFWVRIWKHUPDOGHVRUSWLRQLQ
WKH%DNHUVWXG\ZDVWKDWLWZRXOGUHTXLUHNPWRGLVSRVHRIWKHVRLOWRODQGILOODQG
69( ZDV H[SHFWHG WR EH FRPSOHWHG LQ  \HDUV GXH WR WKH GLIILFXOWLHV RI
LPSOHPHQWLQJ WKH WHFKQRORJ\ LQ WKDW SDUWLFXODU VLWH DV FRPSDUHG WR  \HDUV LQ WKH
VWXG\UHSRUWHGKHUH 
 ? ? ?
 
,Q WKH VWXG\ KHUH WKHUPDO GHVRUSWLRQ ZDV FRPSDUHG WRSURFHVV EDVHG WHFKQRORJ\
VXFKDVELRUHPHGLDWLRQDQGWKHUHDUHIHZRUQRVWXGLHVWKDWKDYHPDGHWKLVDQDO\VLV
EHFDXVH RI WKH GLIILFXOWLHV RI PHDVXULQJ WKH HQYLURQPHQWDO IRRWSULQW RI
ELRUHPHGLDWLRQ,QDGGLWLRQ WKHWUDGLWLRQDOPHWKRGVRI69(DQGODQGILOOSUHVHQWHGLQ
WKLV VWXG\ GLIIHU IURP WKH%DNHU VWXG\ LQ WKDW WKH GLVWDQFH FRYHUHG IURP +DUWOHSRRO
ZDVHVWLPDWHGWREHNPDQG69(DYHUDJHFRPSOHWLRQWLPHLQWKH8.LV\HDUV
'HIUD   $FFRUGLQJ WR WKH UHVXOWV LQ WKLV VWXG\ WKHUPDO GHVRUSWLRQ ODQGILOO
GLVSRVDODQG69(SURGXFHGKHDY\ LPSDFWVZKLOHELRUHPHGLDWLRQ\LHOGHG OHVVHUEXW
GLIIHUHQW LPSDFWV 7KLV PDNHV ELRUHPHGLDWLRQ PRUH FRPSDUDEOH LQ WHUPV RI
HQYLURQPHQWDO FRVW DQG WKHUPDO GHVRUSWLRQ WKH OHDVW IDYRXUDEOH HQYLURQPHQWDO
RSWLRQ 
/DQGILOOGLVSRVDOKDVKLJKHU&2HPLVVLRQVFRPSDUHGWRRWKHUUHPHGLDWLRQRSWLRQVLQ
WKH VWXG\ LQFOXGLQJ ELRUHPHGLDWLRQ ZLWKZLWKRXW%6* QDWXUDO DWWHQXDWLRQDQG 69(
7KHUPDOGHVRUSWLRQLQWKHUHVXOWVUHSRUWHGKHUHKDVKLJKHU&2FRPSDUHGWRODQGILOO
GLVSRVDOEXWODQGILOOLVDVVRFLDWHGZLWK&+WKHLPSDFWRIZKLFKLVJUHDWHURQFOLPDWH
FKDQJHRYHU WLPHV WKDWRI&2 (3$E 7KLVPD\PDNH ODQGILOOGLVSRVDO






RI HPLVVLRQ IURPPRWRU YHKLFOHV7KHHIIHFWV RI WKHVH HPLVVLRQVRQ DLU TXDOLW\ DUH
DOPRVW HQWLUHO\ GXH WR YHKLFOH H[KDXVW HPLVVLRQV $WNLQ 5HSRUW  7KHVH DUH
PDMRUWKUHDWVWRFOHDQDLUDQGDUHHPLWWHGE\SHWURODQGGLHVHO-HQJLQHPRWRUYHKLFOHV
'HIUD ,Q WKHVWXG\KHUH WKHVHSROOXWDQWVDUHRQO\DSSOLFDEOH WR ODQGILOO DQG




WRDLUSROOXWDQWV LQDPELHQWDLU'XH WR WKHLUKHDOWKHIIHFWV WKH(XURSHDQ8QLRQKDV
GHYHORSHGDQH[WHQVLYHERG\RI OHJLVODWLRQWKDWHVWDEOLVKHGKHDOWKEDVHGVWDQGDUGV
 ? ? ?
 
WROLPLWWKHYDOXHVHPLWWHGRUFRQFHQWUDWLRQVLQWKHDWPRVSKHUH 
,Q WKH VWXG\ KHUH WKHVH HPLVVLRQV ZKLFK DUH DVVRFLDWHG ZLWK ODQGILOO DQG
ELRUHPHGLDWLRQPHWKRGVZHUHPHDVXUHG2WKHUUHPHGLDWLRQRSWLRQVVXFKDVWKHUPDO
GHVRUSWLRQDQG69(ZKLFKHPLWVLPLODUIRUPVRISROOXWDQWV LQFOXGLQJ&2DQGVRPH
R[LGHV RI VXEVWDQFHV OLNH VXOSKXU DQG QLWURJHQ ZHUH QRW FDOFXODWHG DV WKH\ DUH
FRPSOHWHO\RUSDUWLDOO\HOLPLQDWHGGXULQJWKHUHPHGLDWLRQSURFHVV86(3$
)RUH[DPSOHWKHUPDOGHVRUSWLRQIDFLOLW\XVHGE\$$$&RQVWUXFWLRQDQG'HYHORSPHQW
85/ XVHG D V\VWHP RI FRQWLQXRXV GHWHFWLRQ DLU HPLVVLRQV WR PRQLWRU SROOXWDQWV
VXFKDV&2DQGVXEVWDQFHV OLNHVXOSKXUDQGQLWURJHQFRPLQJIURP WKH DIWHUEXUQHU
IDFLOLW\WRHQVXUHFRPSOLDQFHZLWKWKHOLPLWRIWKH ODZDQGHOLPLQDWHVXFKKD]DUGRXV
VXEVWDQFHV 7KH IDFLOLW\ XVHG IRU WKHUPDO GHVRUSWLRQ LV PDGH WR IROORZ WKH $7(;
'LUHFWLYHV$7(; LV D FRQYHQWLRQDO QDPH IRU 'LUHFWLYHV (& RI WKH (XURSHDQV
8QLRQ IRU WKH UHJXODWLRQRIHTXLSPHQW LQWHQGHG IRUXVH LQKD]DUGRXVDUHD 85/
:KLOVW69(HTXLSPHQWLVVXEMHFWWRUHJXODWLRQRIWKH$7(;'LUHFWLYHVDQGWKHIDFLOLW\





ZKLOVW ELRUHPHGLDWLRQ FRYHUHG D WRWDO GLVWDQFH RI  NP KRZHYHU WKHVH
SROOXWDQWVVKRXOGEHWUHDWHGEDVHGRQWKHLULQGLYLGXDOPHULWEHFDXVHRIWKHDLUTXDOLW\




62 LV VHW IRU  J P DQG WKHUH LV QR OLPLW YDOXH IRU 1+ EHFDXVH LW LV QRW
UHJXODWHGE\WKH'LUHFWLYH 
,Q SUDFWLFH HPLVVLRQV IURP WKHVH SROOXWDQWV DUH QRW FRQVLGHUHG GXULQJ UHPHGLDO
VHOHFWLRQ EXW 'HIUD  UHFRPPHQG WKDW WKHVH VKRXOG EH FDOFXODWHG DV SDUW RI
VXVWDLQDEOHUHPHGLDWLRQ([FHHGLQJ(8FRQFHQWUDWLRQVGXHWRUHPHGLDWLRQDFWLYLWLHV
VHHPV SUDFWLFDOO\ LPSRVVLEOH EXW UHPHGLDWLRQ DFWLYLWLHV VXFK DV PRYHPHQW RI
YHKLFOHVFRXOGFRQWULEXWH LPPHQVHO\WRWKHOLPLWYDOXHV,QWKHVWXG\XVLQJ+*9VWR
 ? ? ?
 
GLVSRVH RI WKH FRQWDPLQDWHG VRLO WR ODQGILOO ZDV HVWLPDWHG WR WDNH  WULSV IURP
6XQGHUODQGWR+DUWOHSRRO+RWH[KDXVWDQGFROGVWDUWHPLVVLRQIRUWULSVXVLQJ
+*9V GLHVHO HQJLQHV VKRXOG EH FRQVLGUHG LQ WHUPV RI SROOXWDQWV HPLWWHG IURP
FROOHFWLRQWRGLVSRVDOSRLQWV:KLOVWWKHELRUHPHGLDWLRQWHFKQLTXHKDVEHHQHVWLPDWHG
WR EH  WULSV WR GHOLYHU WKH %6* IURP +DUWOHSRRO WR 6XQGHUODQG DOWKRXJK WKH
QXPEHURI WULSV LV ORZHUFRPSDUHG WR ODQGILOO EXW WKHFROOHFWLRQDQGGLVSRVDOSRLQWV
QHHGWREHFRQVLGHUHGLQUHVSHFWRIWKH(8OLPLWYDOXH 
,QWKHVWXG\KHUHHPLVVLRQYDOXHVIRU12[3030&21+DQG62UHVXOWLQJ
IURP WKH PRYHPHQW RI YHKLFOHV IRU WUDQVSRUWLQJ %6* DUH PLQLPDO FRPSDUHG WR
ODQGILOO %XW LQ SUDFWLFH FRQVLGHUDWLRQ VKRXOG EH JLYHQ WR WKH ORFDWLRQ DQG WLPH RI
DFWLYLWLHVEHFDXVHH[FHHGLQJ WKHVHYDOXHVDUHEDVHGRQPHDVXUHPHQWSHUP LQD
SDUWLFXODU DUHD DQG WKH DYHUDJLQJ SHULRG GHSHQGV RQ WKH SROOXWDQWV XQGHU
FRQVLGHUDWLRQ +RZHYHU WKH YDOXHV RI WKHVH HPLVVLRQV LQ WKH VWXG\ EHWZHHQ
ELRUHPHGLDWLRQ ZLWK %6* DQG ODQGILOO GLVSRVDO RSWLRQ DUH FRPSDUDEOH 'HVSLWH WKH
XQFHUWDLQW\RI WKHFRQFHQWUDWLRQRI WKHVHHPLVVLRQV LQ YDULRXV ORFDWLRQVFRYHUHG LQ
WKLVVWXG\WKHWRWDOVXPRIWKHLPSDFWVPHDQWWKDWZLWKUHJDUGWRRYHUDOOHYDOXDWLRQRI
12[3030&21+DQG62ODQGILOOVHHPVWREHHQYLURQPHQWDOO\WKHPRVW
XQGHVLUDEOH RSWLRQ IRU UHPRYDO RI WKH GLHVHO IURP WKH VLWH FRPSDUHG WR
ELRUHPHGLDWLRQ ZKHQ YHKLFOH PLOHV FRYHUHG E\ WKH WZR UHPHGLDWLRQ PHWKRGV DUH
FRQVLGHUHG 
:DWHULPSDFWV 
,Q WKH VWXG\ KHUH WKH VL[ UHPHGLDWLRQ RSWLRQV FRQVLGHUHG ZHUH LQ-VLWX DQG H[-VLWX
VXFK DV ODQGILOO ZKLFK HQWDLO H[FDYDWLQJ DQG WUDQVSRUWLQJ WKH FRQWDPLQDWHG VRLO WR
GHVLJQDWHG ODQGILOO %LRUHPHGLDWLRQ ZLWK DQG ZLWKRXW %6* DQG QDWXUDO DWWHQXDWLRQ
FRXOG VLJQLILFDQWO\DOWHU WKHDPELHQWDTXLIHUS+DQGQLWUDWH FRQFHQWUDWLRQ LI WKHUH LV
PLJUDWLRQWRWKHVXUURXQGLQJZDWHUFRXUVHRUEH\RQGWKHWUHDWPHQW]RQHLQWKHFDVH
RI IORRGLQJ GXULQJ ELRUHPHGLDWLRQ )RU LQVWDQFH WKH PL[WXUH RI %6* DGGHG WR WKH
GLHVHOFRQWDPLQDWHGVRLOFRXOGPLJUDWHWRWKHVXE-VXUIDFHZDWHU,QWKHVWXG\KHUHWKH
VRLOS+RUWKHUHODWLYHDFLGLW\RIWKHVRLOZDVPHDVXUHGLQWKHODERUDWRU\LQFKDSWHU
DQG WKH PLFUREH FRORQLHV ZHUH DEOH WR WKULYH LQ WKH VRLO 7KLV LV EHFDXVH D IDLUO\
QDUURZS+UDQJHHQFRXUDJHVPLFURELDOFRORQLHV86'2(7KLVPD\QRWEH
WKHFDVHLQWKHK\SRWKHWLFDOVLWHPRGHODVWKHVRLOWHVWHGLQWKHODERUDWRU\KDGGLHVHO




HVWLPDWHG WR EH  NJ LQ WKH  P VRLO DQG WKLV PD\ SRVH D SRWHQWLDO
HQYLURQPHQWDO KD]DUG LI WKHUH ZDV OHDFKLQJ WR WKH VXUURXQGLQJ ZDWHU FRXUVH DV
K\GURFDUERQVVXFKDVGLHVHOPD\EHH[SHFWHGWRKDYHDORZHUS+ZLWKSURSHUWLHVRI
DZHDNDFLG86'2( 
7KHUH PD\ EH OLWWOH RU QR LPSDFW RI WKHUPDO GHVRUSWLRQ RQ JURXQG ZDWHU EHFDXVH
KHDWLQJWKHVRLOJHQHUDOO\UHGXFHVWKHVROXELOLW\RIWKHGLHVHOSUHYHQWLQJPLJUDWLRQWR
JURXQG ZDWHU DQG WKH FRQWDPLQDQWV ZRXOG EH FDSWXUHG DV YDSRXU JDVVHV DQG
EURXJKWWRWKHVXUIDFHIRUIXUWKHUWUHDWPHQW7KHVDPHFDQEHVDLGRI69(ZKHUHWKH
FRQWDPLQDQWV DUH FDSWXUHG DQG WUHDWHG LQ DQ RII-JDV WUHDWPHQW IDFLOLW\ ZLWKRXW
PLJUDWLQJWRXQGHUJURXQGZDWHU 
7KH ODQGILOO GLVSRVDO RSWLRQ VLPSO\ PRYHV WKH FRQWDPLQDQWV WR D GLIIHUHQW ORFDWLRQ
ZLWKRXW KDYLQJ DQ\ LPSDFWV RQ WKH VXUURXQGLQJ ZDWHU FRXUVH +RZHYHU GXULQJ
GLJJLQJRUH[FDYDWLRQRIWKHVRLOZLWKKHDY\PDFKLQHU\WKHUHLVWKHSRVVLELOLW\WKDWWKH
VRLO FRXOG EH GDPDJHG DQG FRXOG OHDG WR D VRXUFH RI ZDWHU SROOXWLRQ %XW WKLV LV
QRUPDOO\GHDOWZLWKDVSDUWRILPSOHPHQWDWLRQSURFHVV 
:KHQ FRQVLGHULQJ LQ-VLWX WHFKQRORJ\ 'HIUD  UHFRPPHQG WKDW SRWHQWLDO
FRQWDPLQDQWV WKDWFDQVLJQLILFDQWO\DOWHU WKHS+RI WKHVXUURXQGLQJZDWHUFRXUVHRU
EH\RQG WKH WUHDWPHQW ]RQH VKRXOG EH HYDOXDWHG  7KH LPSDFWV RQ ZDWHU DUH QRW
FRQVLGHUHGLQWKHVWXG\UHSRUWHGKHUHDVWKHUHZDVQRWWLPHWRLQYHVWLJDWHWKLVDVSHFW
LQ GHWDLO IXWXUH ZRUN FRXOG LQFOXGH DQ DVVHVVPHQW RI WKH FRQVWLWXHQWV RI OHDFKDWH
JHQHUDWHGE\ WKHELRUHPHGLDWLRQSURFHVV:KLOH WKHGLDJQRVLVRI WKHQDWXUHRI WKH
LPSDFW RI ZDWHU LV DQ HVVHQWLDO SUHUHTXLVLWH IRU VXFFHVVIXO UHPHGLDWLRQ RI






RIDFKLHYLQJPRUH WKDQSHUFHQWFOHDQ-XS OHYHO&RPSOHWH UHPRYDORI WKHGLHVHO





VXFK DVVHVVPHQW DUH MXGJHG WR EH VLWH VSHFLILF WR D SDUWLFXODU UHPHGLDWLRQ RSWLRQ
1HYHUWKHOHVVDWWHPSWKDYHEHHQPDGHWRFODULI\WKHOLNHO\VLJQLILFDQWRIWKHLPSDFWV
IRUVHOHFWHGUHPHGLDWLRQRSWLRQV 




IXQFWLRQDOLW\$OWKRXJK WR[LFLW\ WHVWLQJZDVQRWFDUULHGRXW LQ WKHVWXG\ WRGHWHUPLQH
WKH HIIHFW RI WKH %6* RQ WKH VRLO LQ D VWXG\ FDUULHG RXW DW WKH 8QLYHUVLW\ RI
6XQGHUODQGE\%HQ-+DPHG  WRDVVHVVDOWHUQDWLYHDJULFXOWXUDOXVHVRI VSHQW
JUDLQVDQG LQYHVWLJDWLQJ WKHHIIHFW RI%6*RQSODQWJURZWK IRXQG WKDWDIWHU WZHOYH
ZHHNV RI VWXG\ WKH ZHLJKW RI OHDYHV DQG URRWV LQFUHDVHG ZLWK WKH OHYHO RI %6*
DGGHG7KH UHVXOWV GLG QRW VKRZ DQ\ GHILFLHQF\ RI SODQW JURZWK DV D UHVXOW RI WKH
DGGLWLRQ RI WKH %6* WKDW PD\ DOWHU WKH ELRORJLFDO VWDWXV RI WKH VRLO EXW IXUWKHU








LW PD\ LPSDFW RQ WKH QHDUE\ ZDWHU FRXUVH LI WKHUH LV IORRGLQJ RU SRVVLEOH
XQGHUJURXQGZDWHUPLJUDWLRQ7KHQDWXUDODWWHQXDWLRQWHFKQLTXHFRXOGEHFRPSDUHG
WR ELRUHPHGLDWLRQ ZLWKRXW WKH DGGLWLRQ RI %6* LQ WKDW ERWK GR QRW KDYH DQ\




SURSHUWLHVRI WKHVRLODUHDOWHUHGE\H[FDYDWLQJ WKHVRLODQGILOOLQJ WKHVLWHZLWKQHZ
 ? ? ?
 
VRLO 7KLV LV EHFDXVH LQGLVFULPLQDWH UHPRYDO RI VRLO RUJDQLF PDWWHU DQG RUJDQLVPV
FKDQJHVWKHELRORJLFDOVWDWHRIWKHVRLO7KHQHZVRLOPD\QRWSRVVHVVWKHH[FDYDWHG
VRLOV HFRV\VWHP IXQFWLRQDOLW\ %XW WKH XVH RI WKH VLWH LQ WKH VWXG\ LV IRU KRXVLQJ
GHYHORSPHQWDQGDVVXFK UHSODFLQJZLWK FOHDQVRLO LVXQOLNHO\ WRKDYHDVLJQLILFDQW
LPSDFWRQHFRV\VWHPIXQFWLRQDOLW\ 
7KHHQYLURQPHQWDOLPSDFWRI69(KDVQRWEHHQUHFRUGHGLQWKH8.SRVVLEO\DVWKH
WHFKQLTXH LV QRW FRPPRQO\ XVHG DV FRPSDUHG WR RWKHU FRXQWULHV VXFK DV 7KH
1HWKHUODQGV *HUPDQ\ DQG 86 ZKHUH LW LV ZLGHO\ XVHG DV D PDWXUH WHFKQRORJ\
'HIUD  %XW D IHZ VWXGLHV KDYH VKRZQ WKDW GXULQJ YDSRXU H[WUDFWLRQ DLU
LQMHFWLRQ FRXOG OHDG WR GDQJHURXV YDSRXU PLJUDWLRQ WR EXLOGLQJV DQG XQGHUJURXQG
IDFLOLWLHV7KLVLPSDFWLVQRWHYDOXDWHGLQWKHVWXG\UHSRUWHGKHUH 
7KHUPDOGHVRUSWLRQ LVDSURFHVV WHFKQRORJ\ WKDW UDLVHV WKH WHPSHUDWXUHRI WKHVRLO
ZKLFKPD\HQFRXUDJHDWHPSRUDU\LQFUHDVHLQELRORJLFDODFWLYLW\RIWKHVRLO%XWWKH
WHFKQLTXHFRXOGKDYHWKHSRWHQWLDO WRGDPDJH WKHVRLOVWUXFWXUH7KLV LV EHFDXVHD
KLJK WHPSHUDWXUH PD\ LPSDFW RQ WKH RUJDQLF PDWWHU RI WKH VRLO DQG FRXOG KDYH D
VWHULOLVLQJHIIHFWRQWKHELRORJLFDODFWLYLW\DQGFRQVHTXHQWO\RQWKHORQJWHUPORFDOLVHG
ELRGLYHUVLW\'HIUD 
,Q WKH 8. WKH ILUVW WZR SURMHFWV WKDW XVHG WKLV WHFKQRORJ\ ZHUH LQ 7HGGLQJWRQ D
IRUPHU JDVZRUNV VLWH LQ ZKLFK HOHFWULFDO FRQGXFWLYH KHDWLQJ VLPLODU WR WKH RQH
GHVFULEHGLQWKLVSURMHFWZDVXVHGLQ7KHRWKHUZDVLQ+DUZHOO8.ZKHUH
HOHFWULFDOFRQGXFWLYHKHDWLQJZDVFRPELQHGZLWK69($FFRUGLQJWRWKH'HIUD5HSRUW
ERWK SURMHFWV ZHUH VXFFHVVIXO +RZHYHU WKH SUHVHQW VWXG\ GRHV QRW HYDOXDWH WKH
LPSDFWV RI WKHUPDO GHVRUSWLRQ RQ ODQG EXW GXH WR WKH KLJK WHPSHUDWXUH XVHG WR




ZDVWHGDQGHQYLURQPHQWDO DQGKHDOWK ULVNVDUH WREHPLQLPLVHG ,Q WKHVWXG\KHUH
HQYLURQPHQWDO LPSDFWV RI XVLQJ %6* WR DXJPHQW ELRUHPHGLDWLRQZDV FRPSDUHG WR
RWKHU UHPHGLDWLRQ PHWKRGV VXFK DV ELRUHPHGLDWLRQ ZLWKRXW %6* ODQGILOO QDWXUDO
DWWHQXDWLRQ69(DQGWKHUPDOGHVRUSWLRQ 
 ? ? ?
 
7KH UHVXOWVRI WKH&2 HPLVVLRQV IURPELRUHPHGLDWLRQZLWKDQGZLWKRXW%6*ZHUH








7KHUPDO GHVRUSWLRQ ZDV WKH OHDVW HQYLURQPHQWDOO\ IULHQGO\ WHFKQLTXH IROORZHG E\
ODQGILOOGLVSRVDODQG69(DVFRPSDUHG WRELRUHPHGLDWLRQZLWK%6* LQ WHUPVRI WKH
DPRXQWRI&2HPLWWHG7KHUHDVRQVIRUKLJK&2IURPWKHUPDOGHVRUSWLRQDQG69(
ZDVGXHWRWKHKLJKHQHUJ\GHPDQGVRIWKHWHFKQRORJLHV7KHWHFKQLTXHVRIWKHUPDO
GHVRUSWLRQ DQG 69( LQ WKLV VWXG\ GLG QRW JHQHUDWH DQ\ &2 IURP WKH SURFHVV RI
UHPHGLDWLQJ WKH VRLO DV WKH FRQWDPLQDQWV ZHUH FDSWXUHG WUHDWHG DQG GLVSRVHG RI
VDIHO\EXWWKHLPSOHPHQWDWLRQLQFXUUHGKLJKUDWHVRIHOHFWULFLW\DQGIXHOFRQVXPSWLRQ
7KLV HYDOXDWLRQXQGHUVFRUHV ZK\ DOO LQSXWV LQ UHPHGLDWLRQ DFWLYLWLHV DQGSURFHVVHV
DUHLPSRUWDQWDQGVKRXOGEHFDOFXODWHGGXULQJWKHUHPHGLDWLRQSURFHVV 
/DQGILOO GLVSRVDODOVRKDVKLJKHU&2 HPLVVLRQVZKHQFRPSDUHG WRELRUHPHGLDWLRQ
ZLWK%6*GXHWRWKHKLJKIXHOFRQVXPSWLRQXVHGE\WKHKHDY\JRRGVYHKLFOHIRUWKH
GLVSRVDO RI WKH FRQWDPLQDWHG VRLO DQG UH-ILOOLQJ RI WKH ODQG 7KLV VKRZHG WKDW WKH
FRQWDPLQDQWV ZHUHPRYHG IURP RQH ORFDWLRQ WR DQRWKHU DQG WKHDFWLYLWLHV LQYROYHG
DOVR JHQHUDWHG &2 DQGDGGHG WR WKH QHWHPLVVLRQVRI &2 IURP ODQGILOO GLVSRVDO
/DQGILOOLVDOVRDVVRFLDWHGZLWK&+LIWKHFRQWDPLQDWHGVRLOLVGHSRVLWHGLQWKHODQGILOO
GXHWRDQDQDHURELFGHFRPSRVLWLRQRIWKHRUJDQLFPDWWHUDQGWKHLPSDFWRI&+RQ
FOLPDWH FKDQJH LV  WLPHV JUHDWHU WKDQ &2 RYHU D  \HDU SHULRG  /DQGILOO LV
DVVRFLDWHGZLWKRWKHUSROOXWDQWVWKDWDIIHFWORFDODLUTXDOLW\VXFKDV12[3030
&21+ DQG62  7KHRYHUDOO FRQVLGHUDWLRQRI WKHVH LPSDFWVPD\PDNH ODQGILOO
GLVSRVDO OHVV DWWUDFWLYH ,Q SUDFWLFH WKHVH HPLVVLRQV PD\ QRW EH FRQVLGHUHG DV D
W\SLFDO VLWH RI WKLV QDWXUH LQ WKH 8. LV XVXDOO\ ODQGILOOHG GXH WR WKH VKRUW WLPH
UHTXLUHGWRUHPHGLDWHWKHVLWH 
7KHHQYLURQPHQWDOLPSDFWRIWKH*+*¶VIURPWKHUHVXOWVVKRZHGWKDWELRUHPHGLDWLRQ
 ? ? ?
 
ZLWK %6* ZDV ORZHU WKDQ WKHUPDO GHVRUSWLRQ DQG 69( EXW ZDV DVVRFLDWHG ZLWK
GLIIHUHQWSROOXWDQWVWKDWDIIHFWORFDODLUTXDOLW\7KHVHLQFOXGHSROOXWDQWVVXFKDV12[
30 30 &2 1+ DQG 62 7KHUHIRUH WKHUH LV QHHG IRU IXWXUH GLVFXVVLRQ
FRQFHUQLQJZKDWFRQVWLWXWHV WKHKLJKHVWHQYLURQPHQWDO IRRWSULQWEHWZHHQ*+*DQG
RWKHUDLU TXDOLW\HPLVVLRQVGXULQJ UHPHGLDWLRQVHOHFWLRQSURFHVV7KLVKDVEHFRPH
QHFHVVDU\GXH WR WKHKHDOWKHIIHFWVRI WKHVHHPLVVLRQVDQGFXUUHQWO\ WKHSROOXWDQWV
DUH QRW RIWHQ FRQVLGHUHG ZKHQ FKRRVLQJ WKH EHVW PHWKRG IRU UHPHGLDWLQJ



























WKH FKDQJHV LQ FOLPDWH GXH WR JUHHQKRXVH JDVVHV DQG WR H[SORUH WKH PHDQV E\
ZKLFK WKH\ FDQ EH FRXQWHUHG 2QH RI WKH FRPPRQO\ DFFHSWHG PHWKRGV WR UHGXFH
FOLPDWHFKDQJHLVWKHUHGXFWLRQRIWKHJUHHQKRXVHJDVHPLVVLRQV6FKHUV 
3ROOXWDQWVVXFKDV&2&+DQG12WUDS WKHRXWJRLQJ LQIUDUHG UDGLDWLRQ IURP WKH
HDUWK¶V VXUIDFH 7KLV SURFHVV LV RIWHQ UHIHUUHG WR DV WKH JUHHQKRXVH HIIHFW ZKLFK
DGGV WR WKH QHW HQHUJ\ LQSXW RI WKH ORZHU DWPRVSKHUH DQG UHVXOWV LQ UHJLRQDO DQG
JOREDOFKDQJHVLQFOLPDWHSDUDPHWHUVLQFOXGLQJWHPSHUDWXUHDQGUDLQIDOO5DVWRJLHW
DO*OREDOFOLPDWHFKDQJHKDVEHHQ MXGJHG WREHFRUUHODWHGZLWK WKHXVHRI
IRVVLO IXHO (OOLV DQG +DUGOH\  EXW UHPHGLDWLRQ WHFKQLTXHV LQFOXGLQJ ODQGILOO
GLVSRVDO 69( QDWXUDO DWWHQXDWLRQ WKHUPDO GHVRUSWLRQ DQG ELRUHPHGLDWLRQ DUH
DVVRFLDWHG ZLWK GLIIHUHQW LPSDFWV ZKLFK PD\ FRQWULEXWH GXULQJ WKH SURFHVV RI
UHPRYLQJSROOXWDQWVIURPWKHVRLODLUDQGZDWHU 




DUH XVXDOO\ GLVSRVHG RI WR ODQGILOO %XW WKLV WHFKQLTXH FDQQRW EH YLHZHG DV
VXVWDLQDEOH GXH WR LWV KLJK HQYLURQPHQWDO IRRWSULQW  7KHUH LV DOVR OHJLVODWLRQ IURP
WKH (XURSHDQ 8QLRQ DQG 8. JRYHUQPHQW ZKLFK VHWV WDUJHWV IRU WKH UHGXFWLRQ RI
ELRGHJUDGDEOH DQG KD]DUGRXV ZDVWHV JRLQJ WR ODQGILOO DQG WKHUH KDV EHHQ D
GHFUHDVH LQ WKH QXPEHU RI ODQGILOO VLWHV WKDW ZLOO DFFHSW KD]DUGRXV ZDVWH VXFK DV
K\GURFDUERQV 7KLV KDV UHVXOWHG LQ IHZHU ODQGILOO VLWHV DQG KLJKHU ODQGILOO WD[ WR
GLVSRVHRIFRQWDPLQDWHGVRLOVZKLFKDUHQRUPDOO\FODVVLILHGDVKD]DUGRXVZDVWH 
$VVXFKOHJLVODWLYHDQGHFRQRPLFGULYHUVKDYHGULYHQWKHQHHGIRUDOWHUQDWLYHRSWLRQV
 ? ? ?
 
IRU WKH FOHDQ-XS RI SROOXWHG ODQG DQG ELRUHPHGLDWLRQ LV DQ LQFUHDVLQJO\ SRSXODU
RSWLRQ %LRUHPHGLDWLRQ RSWLPL]HV WKH ELRORJLFDO V\VWHP DOUHDG\ SUHVHQW LQ WKH VRLO
DQGGHJUDGHVWKHFRQWDPLQDQWV WRDQ LQQRFXRXVHQGRUKDUPOHVVSURGXFW +DPE\
 7KH WHFKQLTXH LV WKRXJKW WR EH VDIH UHOLDEOH DQG HQYLURQPHQWDOO\ IULHQGO\
EHFDXVH LW UHOLHVRQ WKHQDWXUDODVVLPLODWLYHFDSDFLWLHVRI WKHVRLO WREUHDNGRZQWKH
FRQWDPLQDQWV1LFKROVDQG9HQRVD 
+RZHYHU WKH EUHDNGRZQ SURFHVV FDQ EH VORZ $V LW UHOLHV RQ WKH LQGLJHQRXV
PLFURRUJDQLVPVWRGHJUDGHWKHFRQWDPLQDQWVWKHUHLVWDQHHGWRLPSURYHWKHQDWXUDO
EUHDNGRZQ SURFHVVHV E\ WKH DGGLWLRQ RI QXWULHQWV RU RWKHU JURZWK OLPLWLQJ FR-
VXEVWUDWHVQRWQRUPDOO\SUHVHQW LQVXIILFLHQWTXDQWLW\ LQ WKHVRLO 1XWULHQWVQRUPDOO\
DGGHG FRXOG EH RUJDQLF RU LQRUJDQLF  2UJDQLF ZDVWHV FRXOG EH D VRXUFH RI ERWK
QXWULHQWV DQG PLFURRUJDQLVPV WR LPSURYH XSRQ WKH EUHDNGRZQ RI WKH K\GURFDUERQ
SROOXWHG VRLO :DOZRUWK HW DO  8WLOL]LQJ ELRGHJUDGDEOH ZDVWH LQ WKLV PDQQHU
ZRXOGGLYHUW WKHZDVWHVWUHDP IURP ODQGILOO%6* LVDE\-SURGXFW IURP WKHEUHZHU\
SURFHVVHVZLWKKLJKZDWHUDQGQXWULHQW FRQWHQW 7KRPDVDQG5DKPDQ ,W LV
FXUUHQWO\GLVSRVHGRIDVDQDQLPDOIHHG+RZHYHUWKHDPRXQWJHQHUDWHGPHDQVWKDW
WKHGHPDQGIRUWKHSURGXFWLVQRWDVKLJKDVWKHYROXPHSURGXFHG 
+RZHYHU XVLQJ RUJDQLF ZDVWHVE\-SURGXFWV LQFOXGLQJ %6* WR DXJPHQW WKH
ELRUHPHGLDWLRQ SURFHVV PD\ EH DVVRFLDWHG ZLWK SRWHQWLDO HQYLURQPHQWDO LPSDFWV
7KHVH FRXOG LQFOXGH OHDFKDWH IURP WKH GHFRPSRVLQJ RUJDQLF PDWWHU WKDW PD\
SHUFRODWH WKURXJK WKH VRLO DQG SRVVLEOH UHOHDVH RI PLFURRUJDQLVPV LQWR WKH
DWPRVSKHUH.RPROLVDQG+DP,QDGGLWLRQWKHELRUHPHGLDWLRQSURFHVVPD\
LQYROYH PRYHPHQW RI YHKLFOHV WR WUDQVSRUW WKH %6* IURP WKH EUHZHU\ WR WKH
FRQWDPLQDWHGVLWHDQGWKLVFRXOGUHVXOW LQHPLVVLRQVRI&2$VVXFKWKH WHFKQLTXH
PD\QRWEHHFRQRPLFDOO\ IHDVLEOHRUDVHQYLURQPHQWDOO\ IULHQGO\DV LQLWLDOO\ WKRXJKW
,Q DGGLWLRQ WKH FRVWV RI QRW GHYHORSLQJ WKH ODQG DV WKH WLPH WDNHQ IRU WKH
ELRUHPHGLDWLRQ WDUJHW WR EH DFKLHYHG PD\ EH JUHDWHU WKDQ DGRSWLQJ RWKHU TXLFNHU
PHWKRGVVXFKDVODQGILOO 
,Q RUGHU WR DFKLHYH VXVWDLQDEOH UHPHGLDWLRQ WKH LPSDFWV RI D JLYHQ UHPHGLDWLRQ
RSWLRQ VKRXOG QRW EH PRUH WKDQ OHDYLQJ WKH FRQWDPLQDQWV XQWUHDWHG +HQFH LQ WKH
SUHVHQW VWXG\ LW LV LPSRUWDQW WR EDODQFH WKH HFRQRPLF VRFLDO DQG HQYLURQPHQWDO
LPSDFWVRIXVLQJ%6*WRUHPHGLDWHFRQWDPLQDWHGVRLOZLWKGLHVHO6LQFHDGLVFXVVLRQ
 ? ? ?
 
RI WKH UHVXOWV REWDLQHG KDV EHHQ SUHVHQWHG DW WKH HQG RI HDFK FKDSWHU WKLV ILQDO
GLVFXVVLRQZLOOJLYHDQRYHUYLHZRIWKHVWXG\DQGGUDZDWWHQWLRQWRWKHPDLQILQGLQJV 
 'RHV WKH DGGLWLRQ RI %6* LPSURYH WKH ELRUHPHGLDWLRQ RI K\GURFDUERQ
FRQWDPLQDWHGVRLO" 
7KH UHVXOWVRIERWKH[SHULPHQWV FDUULHGRXW IRU WKHVWXG\ UHSRUWHGKHUH VKRZHGD
UHGXFWLRQRILQGLHVHOFRQWDPLQDWLRQZDVDFKLHYHGLQGD\VLQH[SHULPHQW
DQG  GD\V LQ H[SHULPHQW  DIWHU WKH DGGLWLRQ RI %6* DV FRPSDUHG WR WKH
WUHDWPHQW ZLWKRXW %6* ZKLFK UHFRUGHG  LQ H[SHULPHQW  DQG  LQ
H[SHULPHQWUHVSHFWLYHO\ 
7KH PLFURELRORJLFDO UHVXOWV VKRZHG WKH K\GURFDUERQ XWLOL]LQJ EDFWHULD LQ VRLO
DPHQGHG ZLWK %6* ZHUH DSSUHFLDEO\ KLJKHU FRPSDUHG WR WKRVH ZLWKRXW WKH %6*






7KHUHVXOWVRI WKHELRORJLFDODQGFKHPLFDODQDO\VLVDQVZHU WKH ILUVWTXHVWLRQRI WKH
UHVHDUFK WKDW WKH XVH RI %6* LPSURYHG XSRQ WKH ELRUHPHGLDWLRQ RI GLHVHO
FRQWDPLQDWHGVRLO+RZHYHU UHPHGLDWLRQRIFRQWDPLQDWHG ODQGKDVEHHQSUHYLRXVO\
GHVFULEHG DV EHLQJ DQ H[SHQVLYH DQG WHFKQLFDOO\ GLIILFXOW SURFHVV DQG FRVW LV
FRQVLGHUHG DV RQH RI WKH PDMRU GULYHUV RI UHPHGLDWLRQ (XUR-'HPR  7KH
DVVHVVPHQW RI WKH WRWDO FRVW RI XVLQJ %6* WR UHPHGLDWH FRQWDPLQDWHG VRLO ZDV
FDUULHGRXW,QRUGHUWRDFKLHYHWKLVDFDVHVWXG\VLWHZDVGHYHORSHG3ROOXWLRQDWWKH





VRLO D FDVH VWXG\ VLWH ZDV GHYHORSHG7KHSXUSRVHRI UHPHGLDWLQJ WKH VLWH ZDV WR
EXLOGQHZKRPHVIRUUHVLGHQWLDOSXUSRVHV7KHVLWHSUHOLPLQDU\FRQFHSWXDOPRGHO
 ? ? ?
 
LQ FKDSWHU  KLJKOLJKWV WKH SRWHQWLDO VRXUFHV RI FRQWDPLQDQWV SDWKZD\V DQG
UHFHSWRUV 
7RGHWHUPLQH WKH HFRQRPLF FRVWV RI XVLQJ WKH %6* WR UHPHGLDWH WKH VRLO DOO FRVWV
DVVRFLDWHG ZLWK WKH SURFHVVHV ZHUH HYDOXDWHG LQFOXGLQJ GLUHFW DQG LQGLUHFW FRVWV









QRWRIWHQFDOFXODWHGE\ UHPHGLDWLRQSUDFWLWLRQHUVEHFDXVHFRVWV UHODWLQJ WRRQHVLWH
PD\ QRW EH DSSOLFDEOH WR RWKHU VLWHV PHDQLQJ WKDW GHFLVLRQV DV WR WKH FKRLFH RI





EH GHVFULEHG DV FRVWV WKDW UHIOHFW DFWLYLWLHV WKDW LQGLUHFWO\ LQGXFH FRVWV GXULQJ WKH
SHULRG RI UHPHGLDWLRQ VXFK DV WKH WLPH VFDOH LW WDNHV WR DFKLHYH WKH UHPHGLDWLRQ
REMHFWLYH DQG RWKHU KLGGHQ FRVWV WKDW DUH QRW QRUPDOO\ FRQVLGHUHG GXULQJ WKH
UHPHGLDOVHOHFWLRQSURFHVV&DWHJRULVLQJFRVWVLQWKLVPDQQHUZLOODOORZUHPHGLDWLRQ
SUDFWLWLRQHUVWREXLOGVDIHGXUDEOHDQGHFRQRPLFVWUXFWXUHV7HGGDQGPDNH
DQ LQIRUPHGGHFLVLRQRQ WKHDFWXDO UHPHGLDWLRQFRVWVDV WKLV IDOOV LQWR WKHHWKRVRI
VXVWDLQDEOHGHYHORSPHQW 
7KH WRWDO FRVWV RI XVLQJ %6* WR DXJPHQW WKH ELRUHPHGLDWLRQ SURFHVV LQ WKH FDVH
VWXG\VLWH VKRZHG WKDWELRUHPHGLDWLRQZLWK%6*ZDVDYLDEOHRSWLRQDQGFKHDSHU
WKDQRWKHUUHPHGLDWLRQPHWKRGVFRQVLGHUHG LQ WKHVWXG\  ,QDGGLWLRQ WKHUHVXOWVRI
WKH FRVW PRGHO LQ WKH VWXG\ GHPRQVWUDWHG KRZ FRVWV DUH VHQVLWLYH WR FHUWDLQ
 ? ? ?
 
FRQGLWLRQVDQGFRXOGEHD IXQFWLRQRI WKHSXUSRVHRI WKHVLWH WKH WHFKQRORJ\XVHG
DQGWKHGXUDWLRQRIWKHUHPHGLDWLRQZRUNV 
+RZHYHUHFRQRPLFFRVWLVRQO\RQHVWUDQGRIVXVWDLQDELOLW\+HQFHWKHUHLVQHHGWR





DSSUHFLDWLRQ RI HQYLURQPHQWDO DQG VRFLDO LPSDFWV DQG WKH FRQVLGHUDWLRQ RI WKHVH
HOHPHQWVZRXOGEHYDOXDEOHLQWKHGHVLJQRIDVXVWDLQDEOHUHPHGLDWLRQSURMHFW7KH
FDVHVWXG\VLWHSUHVHQWHGKHUHFRPSDUHGWKHHQYLURQPHQWDOFRVWRIELRUHPHGLDWLRQ
ZLWK WKH XVH RI WKH %6* ZLWK RWKHU UHPHGLDWLRQ RSWLRQV VXFK DV ODQGILOO GLVSRVDO
QDWXUDODWWHQXDWLRQ69(DQGWKHUPDOGHVRUSWLRQ 
$V WKH ELRUHPHGLDWLRQ SURFHVV UHOLHV RQ WKH RSWLPL]DWLRQ RI LQGLJHQRXV
PLFURRUJDQLVPV WR EUHDN GRZQ WKH FRQWDPLQDQWV GLHVHO ZLOO EH EURNHQ GRZQ DQG
UHOHDVHG DV &2 DQG ZDWHU 7KLV ZLOO JHQHUDWH HPLVVLRQV WKDW ZLOO DIIHFW FOLPDWH
FKDQJHZLWKJOREDOZDUPLQJSRWHQWLDOV0RUHVRWKHXVHRIKHDY\JRRGVYHKLFOHVWR
WUDQVSRUW WKH %6* DQG WKH XVH RI KHDY\ PDFKLQHU\ IRU WLOOLQJ DQG WXUQLQJ WKH VRLO
GXULQJELRUHPHGLDWLRQDFWLYLWLHVZLOOUHVXOWLQHPLVVLRQVWRDWPRVSKHUH 
:KLOVW ILQGLQJ WKH PRVW VXLWDEOH WHFKQRORJ\ IRU WKH UHPHGLDWLRQ RI D FRQWDPLQDWHG
VLWHHQYLURQPHQWDOVXVWDLQDELOLW\RIWKHFKRVHQWHFKQRORJ\LVEHFRPLQJDQLPSRUWDQW
FRQVLGHUDWLRQ +RZHYHU LW LV IDU PRUH GLIILFXOW WR HYDOXDWH HQYLURQPHQWDO FRVWV DV








5HGG\ DQG $GDPV  DVVHUWHG WKDW WKHUH LV QR XQLYHUVDOO\ DFFHSWHG ZD\ RI
 ? ? ?
 
FDOFXODWLQJ WKH HQYLURQPHQWDO HOHPHQWV LQFOXGLQJ &2 DQG RWKHU HQYLURQPHQWDO
IRRWSULQWV DQG WKLV KDV OHG WR DQ DUUD\ RI FDUERQ FDOFXODWRUV WKDW KDYH EHHQ
GHYHORSHGRYHUWKHSDVWIHZ\HDUVFUHDWLQJFRQIXVLRQDQGLQDFFXUDWHLQIRUPDWLRQ$Q
DWWHPSWWRPHDVXUHHPLVVLRQVDVVRFLDWHGZLWKELRUHPHGLDWLRQZLWKWKHXVHRI%6*
KDV EHHQ FDUULHG RXW LQ WKLV WKHVLV $ ODERUDWRU\ H[SHULPHQW ZDV FRQGXFWHG WR
GHWHUPLQHWKH&2DVVRFLDWHGZLWKELRUHPHGLDWLRQPHWKRGVDQGWKHPHDVXUHPHQWRI
DOO WKHHQYLURQPHQWDO LPSDFWV LQFOXGLQJ ODQGDQGZDWHUPHGLDDQGWKH UHVXOWVZHUH
FRPSDUHGWRRWKHUUHPHGLDWLRQRSWLRQVFRQVLGHUHGLQWKHVWXG\ 














Thermal desorption, landfill  and 
soil vapour extraction 
 
 
Bioremediation with and without 




Bioremediation with and without 
BSG and natural attenuation 
 
 





Natural attenuation, soil vapour 
extraction and thermal desorption 
 
 
Bioremediation and landfill 
 
Table 7.1 The overall impacts on the three media of air, water and land pollution. 
 
)URPWKHUHVXOWVLQ7DEOHDLUHPLVVLRQVLQYROYHGWKHTXDQWLWDWLYHHYDOXDWLRQRIWKH
LPSDFWV RI WKH VL[ UHPHGLDWLRQ RSWLRQV DQG YDOXHV ZHUH DVFULEHG WR WKH HPLVVLRQV
DQG FRPSDULVRQV ZHUH PDGH DPRQJVW WKH GLIIHUHQW UHPHGLDWLRQ PHWKRGV ,W ZDV
IRXQG WKDW QDWXUDO DWWHQXDWLRQ ZDV WKH PRVW HQYLURQPHQWDOO\ IULHQGO\ IROORZHG E\
ELRUHPHGLDWLRQ ZLWKRXW DQG ZLWK %6* 7KHUPDO GHVRUSWLRQ ZDV WKH OHDVW




 ? ? ?
 
ZHUHRQO\ DVVRFLDWHGZLWK ODQGILOODQGELRUHPHGLDWLRQZLWK%6*GXH WR WKHXVHRI
KHDY\JRRGYHKLFOHVWRWUDQVSRUWWKHGLHVHOFRQWDPLQDWHGVRLODQGWKHWUDQVSRUWDWLRQ
RIWKH%6*IURPRQHORFDWLRQWRDQRWKHU7KHSROOXWDQWVLQFOXGH&212[92&VDQG
30 7KHVH HPLVVLRQV DUH QRW QRUPDOO\ FRQVLGHUHG LQ SUDFWLFH GXULQJ VHOHFWLRQ
GHVLJQDQGLPSOHPHQWDWLRQRIVXVWDLQDEOHUHPHGLDWLRQWHFKQRORJLHVDWFRQWDPLQDWHG
VLWHV DQG LQFRUSRUDWLQJ WKHVH HOHPHQWV ZLOO SDYH D ZD\ WR GHWHUPLQH ZKLFK DLU
SROOXWDQWVVKRXOGEHFRQVLGHUHG 




7KH ZRUN SUHVHQWHG LQ WKLV VWXG\ KDV VKRZQ WKH HYDOXDWLRQ RI VL[ GLIIHUHQW
UHPHGLDWLRQPHWKRGVTXDOLWDWLYHO\ DQG TXDQWLWDWLYHO\7KH HYDOXDWLRQ ZDV EDVHG RQ
HFRQRPLF IHDVLELOLW\ DQG WKH HQYLURQPHQWDO FRVW RI LPSOHPHQWLQJ WKH GLIIHUHQW
WHFKQRORJLHV $ FRPSDUDWLYH DVVHVVPHQW RI ELRUHPHGLDWLRQ DQG RWKHU UHPHGLDWLRQ
WHFKQLTXHVVKRZHGWKDWELRUHPHGLDWLRQZLWK%6*VHHPVSURPLVLQJDVFRPSDUHGWR
RWKHURSWLRQVGXHWRLWVORZHFRQRPLFFRVWVDQGUHGXFHGHQYLURQPHQWDOLPSDFW 
%XW ZLOO WKHVH PHHW WKH FULWHULD RI VXVWDLQDEOH UHPHGLDWLRQ ZLWKRXW WDNLQJ LQWR
FRQVLGHUDWLRQWKHVRFLDOVWUDQGRIVXVWDLQDELOLW\"7KHQH[WVHFWLRQZLOO LQWURGXFHWKLV
VRFLDOHOHPHQW  
 :KDW DUH WKH VRFLDO HOHPHQWV RI WKH XVH RI %6* WR UHPHGLDWH GLHVHO
FRQWDPLQDWHGVRLO" 
7KH VRFLDO HOHPHQW RI UHPHGLDWLRQ DFFRUGLQJ WR 6X5)-8.  DUH DFWLRQV WKDW
LPSDFWV RQ KXPDQ KHDOWK DQG VDIHW\ HWKLFDO HTXLW\ FRQVLGHUDWLRQV LPSDFWV RQ
QHLJKERXUKRRGV RU UHJLRQV FRPPXQLW\ LQYROYHPHQW DQG VDWLVIDFWLRQ FRPSOLDQFH
ZLWKSROLF\REMHFWLYHVDQGVWUDWHJLHVDQGXQFHUWDLQW\7KHVHDUHUHJDUGHGDVVRFLDO
LQGLFDWRUV WKDW VKRXOG EH PHDVXUHG GXULQJ UHPHGLDWLRQ RI JURXQGZDWHU DQG ODQG
FRQWDPLQDWLRQ 
7KHVRFLDOIRFXVZLWKWKHXVHRI%6*WRUHPHGLDWHGLHVHOFRQWDPLQDWHGODQGZRXOG
LQYROYH ULVNV WR VLWH ZRUNHUV QHLJKERXUV DQG WKH SXEOLF IURP UHPHGLDWLRQ ZRUN
LQFOXGLQJKD]DUGRXVSURFHVVHPLVVLRQVVXFKD30DQG30QRLVHRGRXUGXVW
 ? ? ?
 
DQG FKHPLFDO H[SRVXUH RI WKH GLHVHO FRQWDPLQDQWV DV LW ZDV FDUULHG RXW DERYH
JURXQGGXULQJH[FDYDWLRQDQGWXUQLQJRIWKHVRLOE\KHDY\PDFKLQHU\ 
7KHVRFLDO LPSDFWVUHVXOWLQJIURPWKHPRYHPHQWRIKHDY\JRRGVYHKLFOHVWRGHOLYHU
WKH  WRQQHV RI %6* WR WKH VLWH DQG WKH LPSDFWV RI WUDIILF ZLWKLQ WKH ORFDOLW\
VKRXOG EH FRQVLGHUHG 7KHVH LPSDFWV DFFRUGLQJ WR WKH JXLGHOLQHV LQ 6X5)-8.
 VKRXOG EH PHDVXUHG LI WKH UHPHGLDWLRQ DFWLYLWLHV PD\ KDYH DQ HIIHFW RQ
QHLJKERXUKRRGV 'LIIHUHQW UHPHGLDWLRQ WHFKQRORJLHV DUH DVVRFLDWHG ZLWK GLIIHUHQW
OHYHOVRILPSDFWWKDWZLOODIIHFWFRPPXQLW\VDWLVIDFWLRQ 
,Q WKHVWXG\KHUH WKHVRFLDO HOHPHQWPD\DOVR LQFOXGHEHQHILWV VXFKDV WKHXVHRI
PLQLPDOZDWHUGXULQJUHPHGLDWLRQDQGWKHXVHRIUHF\FOHGE\-SURGXFWPDWHULDOZKLFK
LV DQ DOWHUQDWLYH RSWLRQ WR GLVSRVLQJ RI WKH E\-SURGXFW 7KHVH EHQHILWV DQG RWKHU
LPSDFWV PHQWLRQHG DERYH ZRXOG EH FRPSDUHG WR RWKHU UHPHGLDWLRQ RSWLRQV
FRQVLGHUHG LQ WKH VWXG\ WR GHWHUPLQH ZKLFK RSWLRQ LV PRVW VXVWDLQDEOH ZKHQ
UHPHGLDWLQJ GLHVHO FRQWDPLQDWHG VRLO +HQFH WKHUH LV QHHG WR HYDOXDWH WKH VRFLDO
HOHPHQWVRIDOORIWKHUHPHGLDWLRQPHWKRGVFRQVLGHUHGLQWKLVVWXG\KRZHYHUGXHWR
WLPHFRQVWUDLQWVWKHVRFLDOVWUDQGZDVQRWHYDOXDWHGEXWLWLVDQDUHDRIFRQFHUQWKDW
VKRXOG EH DGGUHVVHG 7KH H[SHFWHG VRFLDO EHQHILWV RI XVLQJ %6* WR DXJPHQW
ELRUHPHGLDWLRQLQFOXGH 
¾ 7KHSURFHVVHQFRXUDJHVWKHUH-XVHRIE\SURGXFWPDWHULDO 
¾ 7KH SURFHVV GLYHUWV %6* IURP ODQGILOO LI LW LV QRW EHLQJ XVHG DV
IHHGVWRFN 
¾ 0LQLPL]H ULVN WR VLWH ZRUNHUV DQG QHLJKERXUV WKURXJK UHGXFHG
PRYHPHQWRIKHDY\JRRGVYHKLFOHVZKHQFRPSDUHGWRODQGILOO 
¾ 1RLVH OHYHO LV PLQLPDO FRPSDUHG WR RWKHUPHWKRGV VXFK DV 69(DQG
WKHUPDOGHVRUSWLRQ 




 ? ? ?
 
¾ /DQG LV SXW LQWR DOWHUQDWLYH XVH DV WKH SURMHFW SURYLGHV DIIRUGDEOH
KRXVHVDQGUH-JHQHUDWHVWKHDUHDZLWKQHZKRPHV 
7KHUHIRUH VXVWDLQDEOH UHPHGLDWLRQ DLPV WR EDODQFH WKH UHPHGLDWLRQ SUDFWLFHV
SURFHVVHVDQGWHFKQRORJLHVZLWKWKHQHHGWRXVHOHVVHQHUJ\DQGUHVRXUFHVUHGXFH
HPLVVLRQV ZLWKRXW QHJDWLYH LPSDFWV RQ WKH OLYHV RI RFFXSDQWV QHLJKERXUV DQG
HFRV\VWHPV GXULQJ WKH LPSOHPHQWDWLRQ RI WKH UHPHGLDWLRQ WHFKQLTXHV *LPSHOVRQ
9DULRXVTXDOLWDWLYHDQGTXDQWLWDWLYHDQDO\WLFDOPHWKRGVFDQEHXVHGWRSURYLGH


























RYHU GD\V ,W DOVR VKRZHG WKDW WKH WHFKQLTXH LV DQ HFRQRPLFDOO\ YLDEOH RSWLRQ
ZLWKUHGXFHGHQYLURQPHQWDOFRVWV$FRPSDUDWLYHDVVHVVPHQWRIELRUHPHGLDWLRQDQG
RWKHU UHPHGLDWLRQ WHFKQLTXHV LQ WKH VWXG\ VKRZHG WKDW ELRUHPHGLDWLRQ ZLWK %6*
VHHPVSURPLVLQJGXHWR LWV ORZHFRQRPLFDQGHQYLURQPHQWDOFRVWV7KHHYDOXDWLRQ
ZDVEDVHGRQHFRQRPLF IHDVLELOLW\DQG WKHHQYLURQPHQWDOFRVWRI LPSOHPHQWLQJ WKH
GLIIHUHQWWHFKQRORJLHV 
$PRQJVW WKH UHPHGLDWLRQ RSWLRQV FRQVLGHUHG QDWXUDO DWWHQXDWLRQ ZDV DQ DWWUDFWLYH
UHPHGLDWLRQ WHFKQLTXH LQ WKHVWXG\EXW WKHUHZDVDKLJKHFRQRPLFFRVWDVVRFLDWHG
ZLWKQRWGHYHORSLQJWKHVLWHFRXSOHGZLWKFXPXODWLYHLPSDFWVWKDWZRXOGRFFXUGXULQJ
LWVFKDUDFWHULVWLF ORQJGXUDWLRQ7KHVDPHFDQEHVDLGRI WKH69(WHFKQLTXHZKLFK
KDVD ORQJGXUDWLRQ WRDFKLHYH WKH UHPHGLDWLRQREMHFWLYHDQGKLJKHFRQRPLFFRVWV
GXH WR WKH OLNHOLKRRG RI WKH 69( V\VWHP EHLQJ XQDEOH WR H[WUDFW VRPH GLHVHO






















¾ 7KH ELRUHPHGLDWLRQ SURFHVVHVPLQLPL]H WKH ULVN WR SXEOLF KHDOWKDQG
WKHHQYLURQPHQW LQDFRVW-HIIHFWLYHPDQQHUDQGDWD UHDVRQDEOH WLPH
IUDPHFRPSDUHGWRRWKHURSWLRQV 








¾ 7KHUH LV DOVR D QHHG WR REWDLQ DFFXUDWH TXDQWLWDWLYH YDOXHV IRU
HQYLURQPHQWDOLPSDFWVIRUZDWHUDQGODQG 
¾ 7KH DGGLWLRQ RI %6* PD\ EULQJ ZLWK LW RWKHU PLFUR-RUJDQLVPV DQG
QXWULHQWV7KLVQHHGVWREHLQYHVWLJDWHG 
¾ 7KHUH LV D QHHG WR LQYHVWLJDWH WKH &2 UHOHDVHG IURP WKH %6* LWVHOI
GXULQJWKHELRUHPHGLDWLRQSURFHVV 
¾ 7KHUH LVQHHGWRPHDVXUH WKHVRFLDOHOHPHQWRIVXVWDLQDELOLW\ LQRUGHU
WRKDYHDKROLVWLFDVVHVVPHQWRIWKHELRUHPHGLDWLRQSURFHVV 
 ? ? ?
 
¾ ,Q WHUPV RI VXVWDLQDEOH UHPHGLDWLRQ WKHUH LV D QHHG WR GHYHORS
LQGLFDWRUVIRUWKHVRFLDOLPSDFWV  
7KH UHVXOWV RI WKLV VWXG\ VKRZHG WKDW WKHUPDO GHVRUSWLRQ ZDV WKH OHDVW
HQYLURQPHQWDOO\ IULHQGO\ RSWLRQ %LRUHPHGLDWLRQ DQG QDWXUDO DWWHQXDWLRQ ZHUH WKH
PRVWHQYLURQPHQWDOO\IULHQGO\PHWKRG69(DQGODQGILOOGLVSRVDORSWLRQZHUHKLJKHU
LQ WHUPVRI HQYLURQPHQWDO FRVWV WKDQELRUHPHGLDWLRQ ZLWK %6*7KLV YDOXDWLRQ ZDV
EDVHGRQ WKHDPRXQWRIJUHHQKRXVHJDVHPLWWHGE\HDFK UHPHGLDWLRQ WHFKQLTXHV
+RZHYHU WKH UHVXOWV RI WKH SRWHQWLDO LPSDFWV RQ RWKHU PHGLD VXFK DV ODQG DQG
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Appendix I: Summary of the Gas chromatographic profiles of three solvent and 
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5HPHGLDWLRQ RI GLHVHO FRQWDPLQDWHG VLWH LQ 6XQGHUODQG 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